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ABSTRACT

\

“Nerve gases produce tr~ir lethal effects through direct and
indirect effects on acety aoline receptors. Thus, to improve
defenses against these agents it 1is important to understand the
structure of these receptors.

Acetylcholine receptors are also medically important. These
receptors edditionally serve as models for understapding all
other members of the ligand-gated ion channel gene- slUperfamily,

which includes receptors for glycine, g-ani utyric acid, and
probably excitatory amino acids.

[ ? -
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During the three years of this project, substantial progress
has been made toward understanding the structure of muscle
nicotinic acetylcholine receptors. Further, for the first time,
many new insights were achieved into the structure of neuronal
nicotinic receptors. Nicotinic receptors from both muscles and
nerves are part of a gene family of receptors with multiple
homologous subunits that form a transmitter-gated ion channel
across the cell surface membrane. Neuronal a-bungarotoxin-
binding proteins bind cholinergic ligands, but do not appear to
behave as acetylcholine-gated ion channels. We havae begqun to
crack the mystery of these proteins by cloning complimentary
DNAs (c¢DNAs) for two of their subunits whose sequences prove
thaz a-bungarotoxin-binding proteins are also members of the
ligand~-qated ion channel gene superfamily. Many important
guestions remain, but the conceptual foundation, experimental
techniques, and reagents are now available to permit rapid
further progress, if funding is available.

Muscle-type nicotinic acetylcholine receptors were shown to
consist of subunits organized 1like barre: staves around a
central cation channel, in the order afa16. Specific amino acid
sequances were mapped to the extracellular or cytoplasmic
surface of the receptor, haliping to reveal the ovarall
transmembrane orientation of the polypeptida chains in receptor
subunits. Specific functional domains such as the acetylcholine
birding site a&and main immunogenic region were mapped to

particular sequences of a subunits., These studias provide a
basaeline oi intormation for understanding not only the structure
of muscle nicotinic receptors, but almo all other

neurntrangmitter receptors in the ligand-gated ion channel gene
suparfamily.

Yoast were investigated as a system in which receptors for
acetylcholine and other transmitters might be efficiently
expressed in large amounts. Howaver, it was found that although
yeast synthesized small amounts of receptor subunits, they did
not efficiently assemble them {nto mature receptors. These
studies indicata that for research and practical applications
for which large amounts of receptor proteins expressed from
cloned c¢cDNAs are dasired, axpression syatems other than the

yeast system invastigated ahauld be employed.




Xenopus oocytes efficiently express small amounts of
receptor subunits. Expression of various combinations of
receptor subunits suggest that a subunits mature in conformation
on association with 7 or § subunits, and that f subunits can
only efficiently assemble with a subunits after the a subunits
have associated with 7 and § subunits.

Human muscle nicotinic receptors were found to be
synthesized in relatively large amounts Lky the cell line TE671,
which is readily amenable to electrophysiological and
prarmacological studies of receptor function. These receptors
are composed of a, f, 17, and ¢§ subunits. The cells also
synthesize, but do not express on their surface membranes,
nearly equal amounts of unassembled a subunits, which have a
conformation intermediate between nascent or denatured a
subunits and mature a subunits in native receptors. Cloned
cDNAs for a and 4§ subunits were sequenced. Thase studies
establish, for the first time, a practically useful system for
studying the functional pharmacology of nicotinic recertors from
human muscle. Further, they begin experiments that ofier new
insights into receptor synthesis and provide tools, for the
first time, for further detailed studies of the structure and
function of receptors from human muscle.

Neuronal nicotinic receptors were studied in detail at the
protein and CcDNA levels. These receptors have Leen
immunoaffinity purified from the brains of several species, and
libraries of subunit-specific monoclenal antibodies have been
prepared. There are several subtypes of these receptors, each
formed from at least two, but no more than three, copies of an
acetylcholine-binding subunit and an equal numbar of copies of a
structural subunit. These are presumed to be organized like
barrel staves around a central cation channel, probably in the
order afap. Severel candidate qgenes have been reported for
nouronal acetylcholine<binding subunits (a2, a3, a4, etc.) and
for neuronal structural subunits (f2, /3, etc.). The sequences
nf these qgenes indicate that these subunits and the subunits of
nicotinic receptors from muscle are all part of a gene family
with many similar structural features. The genaes encoding both
subunits of the major subtype of reauronal nicotinic receptors in
mammalian brains have heen f{dentified as a4 for acetylcholine-
binding subunfts and f2 for structural subunits,. Anocher
subtype composed of al acetylcholine-binding subunits and £2
subunits is the major subtype (n ganglia and retina. Another
subtype which s present in substantial amounts in chickon
brains, but in small omounts in mammals, s composed of a2
acatylcholine-binding subunits and p2 structural subunits.
Identifying the qenas encoding subunits has {involved the
datarmination of N-terminal amino acld sequences of purffied
subunits, cloning and sequencing of subunit cDNAs, making
subunit-spacific monoclonal antibodies to purified receptors,
and makinjy antibodies to bacterially expreased peptides from
fragmants of subunit cONAs. Raceptors have been histologically
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localized in brains and retinas of several species, and found to
be extensively distributed throughout the brain. Many neuronal
nicotinic receptors may be localized on extrasynaptic or
presynaptic processes rather than just in postsynaptic
membranes, as is the case for receptors in muscle and ganglia.
The diversity o¢f neurcnal nicotinjc receptor subtypes may
rea{lect the diversity of functicnal roles which they are called
upon to perform. These studies, for the first time, purify
neuronal nicotiaic receptors and define their subunit
compositions. This is critical to understanding their detailed
structure, understanding their functional roles, and studying
their pharmacology. Human neuronal nicotinic acetylcholine
raceptors have been immunoisolated wusing subunit-specific
monoclonal antibodies, and their pharmacological properties
characterized. It will be impcrtant to use the cDNA piobes now
available from other species to identify cDNAs for the subunits
of human neuronal nicotinic receptors so that they can be
expressed in cell linee and structurally and pharmacologically
characterized.

Neuronal a-bungarotoxin-binding proteins are enigmatic, but
pctentially important, membrane proteins which outnumber
neuronal nicotinic receptors. These proteins bind cholinergic
ligands, but their andogenous ligand, their functional
propertias, and their functional roles are unknown. Cloned
cDNAs for two subunits of a-bungarotoxin-binding proteins have
been sequenced. This reveals that they are members of tha
ligand-gated ion channel gene family. Antigera and monoclonal
antibodies to bacterially expressed fragmen%s of thaese subunits
bind to native a-bungarotoxin-binding proteins, proving the
identity of the cDNA clones, and provide evidence that suggests
the existence of subtypes of a-bungarotoxin-binding proteins,
These experiments, for the first time, provide c¢DNAs and
subunit-specific monoclonal antibodies for a-bungarotoxin-
binding proteins, thereby providing tha critical tools which can
e used to reveal the subunit structure, functional properties,
and functional role of this kEklack sheep of the nicotinic
ceceptor gene family.
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INTRODUCTION

Significance of Nicotinic Receptors

Although the U.&. and U.S$.S.R. are negotiating a ban on
chemical weapcns, thase weapons have recently proliferated to
many other countries and have been used by them in their regional
conflicts. Terrorists could make such weapons more easily than
nuclear weapons and could use them with devastating effects.
Thus, the problem of defense agaiast chemical weapons remains a
real and difficulc problem.

Neurctoxic agents such as sarin, soman, and tabun act
primarily by inhibiting acetylcholinesterasc. This causes
acetylcholine released at nerve endings to persist for long
periods at high concentrations, first excessively activating
acetylcholine receptors and then inactivating them Dby
desensitization. Some of these agents may alsoc directly impair
receptor function. Death can result from paralysis of
respiratory muscles. Effects on both acute and chronie brain
function may be severe, but are less well characterized.

To understand precisely the effects of neuroctoxic agents like
sarin and o help devise defenses against them, it is important
to understand the structure of acetylcholine receptors. The
research described here is quite basic and far removed from the
immediate practicalities of defense against chemical warfare.
However, because it is basic research, at the cutting edge of its
field, it is applicable not only to chemical defense but also to
many practical medical problems.

The basiz research degcribed here can provide not only
conceptual information about receptor properties, but also
practical tools for evaluating the effects on receptors of
chemical warfare agents, of drugs used to treat the effects of
chemical warfare agents or used prophylactically against them,
and of other drugs. Tha best such practical tools would be cell
lines that express receptors and permit easy measurement of their
pharmacological and electrophysiclogical properties. The
research reported here describes the development of such a cell
line for studies of human muscle nicotinic acetylcholine
receptors and has provided much information required for making
cell lines that express subtypes of human neuronal nicotinic

receptors.

Acetylcholine acts on two broad classes of receptors termed
*nicotinic® or “muscarinic" because of their pharmacological
properties. These are quite distinct in their structure and
fuinction. Nicotinic acetylcholine receptors have an integral
acetylcholine-gated cation channel which |is formed by several
homologous subunits organized arcund the channel like barrel
staves. Thase receptors are involved {n narve signaling af the
millisecond time scale. Muscarinic acetylcholine receptors act
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via coupling proteins and second messengers, and consequently
they are involved in slower signaling that involves longer
latencies and 1longer durations. Nicotinicl and muscarinic?
receptors are not structurally related and are members of two
different gene families which, together, are responsible for
encoding all neurotransmitcer receptors that have been
characterized.

The studies reported here are concerned only with nicotinic
acetylcholine receptors and another member of the same gene
family with similar pharmacological properties, neuronal a-
bungarotoxin-binding proteins.

Chemical warfare agents kill through muscle paralysis via
their effects on muscle nicotinic receptors. Their effects on
the central nervous system may be mediated by nicotinic
receptors, which are being shown, in part through the research
reported here, to be located throughout the nervous system. The
combination of cholinergic druges used as prophylactics and
treatment for these chemical warfare agents surely has direct
effects on nicotinic receptors of muscles and nerves and on a-
bungarotoxin-binding proteins, but these effects are currently
poorly characterized.

Many  medical issues  involve nicotinic  acetylcholine
receptors.l Shert-acting nicotinic receptor antagonists are used
as muscle relaxants during surgery. Local anesthetics and
perhaps general anesthetics can impair receptor function.
Nicotine acts on neurcnal nicotinic receptors to produce the
pleasure experienced by and addiction characteristic of smokers.
Scme insecticides (of which nicotine {i{s an example) can act
directly on nicotinic receptors, and others also act indirectly,
like cnhemical warfare agents, through inhibition of acetylcholin-
esterase,. Venoms from cobras, krajts, some frogs, and scme
corals contain toxins that block nicotinic receptor function.
Drugs of abuse, such as phencylclidine, can inhibit nicotinic
receptor function. Autoantibodies to muscle nicotinic receptors
cavse the weakness characteristic of myasthenia gravis. Neuronal
nicotinic receptor amounts are reduced in Alzheimer’'s and
Parkinson’s diseases.

Introduction to Our Studies of the Past Three Years

Qur studies have concerned tha threa known branches of the
nicotinic acetylcholine receptor gene family: muscle uaicotinic
receptors, neuronal nicotinic receptors (of which there are
several subtypes), and neuronal a-bungarotoxin-binding proteins
(of which there also appear to be subtypes). This gene family is
part of a gene superfamily of ligand-gated ion channels which
includes receptors for glycine, 7-aminobutyric acid, and,
probably, excitatory amino acids3d; and it is distinct from the
qene family which encodes receptors for muacarinig acetylcholine
receptors, adrenoargic recoptors, and rhodopsin, or the gene
fariily which encodes membrane-potential-gated ion channels.
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Muscle nicotinic receptors are the best-characterized
neurotransmitter receptors and the best-characterized membrane
ion chanriels (for reviews, see references 1,5,6). In addition to
their intrinsic significance, they serve as models for the study
of other receptors and channels. Nicotinic receptors of fish
electric organs have been intensively studied Lecause they
closely resemble those in skeletal muscle, but are present in
much larger amounts. Nicotinic receptors of electric organs and
muscle bind a-btungarotoxin with great affinity and specificity.
Snake venom toxins have been used for quantitation, localization,

and affinity purification of these receptors. Monoclonal
antibodies (mAbs) »re proving to be useful probes for other parts
of the molecule. Human muscle available from biopsies,

amputations, or autopsies contains too little nicotinic receptor
to be useful for structural and pharmacological studies. Our
recent studies’ now provide a cell line which produces
substantial amounts of human muscle nicotinic receptors which can
be studied electrophysiologiczslly and pharmacologically, and
whose pharmacological properties are significantly different from
the rodent muscle nicotinic receptors previocusly studied.

Neuronal nicotinic receptors are only beginning to be_studied
at the molecular levell through the use of mAb grobes,9'23 which
we have exclusively developed, and cDNA _probes,2%4=33 to which we
have made a significant contribution.34-37 The roles of neuronal
nicotinic receptors in normal, much less pathological, brain
function are not well characterized, Whereas muscle nicotinic
receptors evolved to their current form by the time of the
appearance of marine elasmobranchs like Torpedo californica some
400 million years ago, and their amino acid sequences remain
highly_ conserved between species as distant as Torpedo and
human), 3 neuronal nicotinic receptors appear to be evolving
rapidly over this same interval, as the central nervous system
has rapidly evolved; and several subtypes of neuronal nicotinic
receptors have evolved whose sequences and uses differ signifi-
cantly between species, as will be described later. There are
differences in subunit composition between muscle and neuronal
nicotinic receptors which our studies have defined 4in some
4etail. Neuronal nicotinic receptors, unlike muscle nicotinic
receptors, <o not bind a-bungarotoxin and have many other
pharmacological differences. Neuronal nicatinic receptors
typically have much lower affinity for antagonists, some of which
appear to act noncompetitively to block the cation channel rather
than the acetylcholine binding site.l Some subtypes of neuronal
nicotinic receptors have very high affinity for nicotine. But,
in general, the pharmacological properties af the various
subtypes and their functional roles remain to be detormined. The
genaes that encode the subunits of the various subtypes, and
thereby critically define tha subtypes, are beginning to be
datermined, and the differential localization of the various

subtypes is beginning.

Neuronal a-bungarotoxin-binding proteins outnumber neuronal
nicotinic receptors, but their function (s not known.}! They bind
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cholinergic ligands, but their endogenous ligand is unknown. They
do not appear to be acetylcholine-gated cation channels,33,40 ag
are nicotinic receptors from muscle and neurons, yet the sequence
of their subunit <¢DNAs which we have discovered appear to be
compatible with this function. Their functional role is unknown

but their widespread distributicn in the nervous system41
suggests that they may plan an important role. Cur studies of
neuronal a-bungarotoxin-binding proteins have for the first time
allowed us to obtain subunit c¢DNAs which prove that these
proteins are members of the ligand-gated ion channel gated
superfamily. These studies provide crxritical tools which, along
with subunit-specific mAbs we have develcped, shculd allow us in
future studies to characterize the subunit structure of these
proteins as we have neurcnzl aicotinic receptors, and which may
permit us to discover the function of these enigmatic proteins.

The basic research to which this contract has contributed nas
rasulted in the publication of 25 manuscripts in well-regarded
scientific journals and books, and will result in the publication
of saeveral more such articles.

The following section reviews in detail progress during the
three years of the contract period.

.
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PROGRESS DURING THE PAST THREE YEARS

¥uscle-Type Nicotinic Receptors

Torpedo Electric Crgan Acetylcholine Recepters

Receptors i electric crgan membranes have Leen shown by
alectron microsceopy of two-dimensional crystalline arrays of
receptors to consist of five rod-like subunits crganized around a
central cation channel.42,43 we provided subunit-specific maAb
and lectin probes to Nigel Unwin, who used these to identify the
individual subunits within the receptors,4% as shown in Pigures 1
and 2. These studies revealed that the subunits are arrarnged
around the channel in the order afay§ (Pigure 2). Receptors in
Torpedo, unlike those in muscles or nerves, are linked into
dimers by a disulfide bond between the § subunits of adjacent
receptors.45 The studies shown in Pigure 1 suggest that the
acetylcholine binding sites on a subunits, which are labeled by
a-bungarotoxin, are locatec within the a subunit as it is viewed
from above, whereas the main immunogenic regions, which are
labeled by mAb 35, are Jocated on the side of the a subunits
opposite to the lumen of the cation channel.

Amino acids that contribute to the binding site for a-
bungarotoxin on a subunits were mapped4 to within the sequence
al89-194, as shown in Pigure 3. Using synthetgc peptides
corresponding to sequences of a subunétu (Table 1) we4® wera able
to confirm the work of othersé’?,4 that a-bungarotoxin binds
within the sequence alf9-194. Cysteines al92,133 are known to be
linked by a disulfide bond4? and known to re.ct specifically with
affinity labels for the acetylcholine binding site.3 Thes=e
cysteines seem critical for binding of a-bungarotoxin to the
peptide, gince treatment of the synthetic peptide al72-205 with
tha disulfide-bond-reaucing agent dithiothreitol followed by the
thicl alkylating reagent iodoacetamide prevented binding of a-

bungarotoxin.

Amino acids which contribute to epitopss recognized by
antibodies to a2 subunits of receptors frcm Torpedo were mapped by
tmmurcprecipitation of 143I-labeled synthetic a  szubunit
peptices,%% as shown in Piqure 4. This method could nat detect
significant binding to synthatic peptides of mAbs directed at the
main immunogenic region, presumably because the {mmunogenicity of
this raqign depands strongly on the native conformation of the
receptor. l 1t did indicate that much of the sequence batween
al00 and a400 contains prominent epitopes recognized by
antibodies to denatured subunits, {n contrast to much of the N-
terminal part of the subunit, Previously we had deronstrated,
using mapped mAbs, that much of the sequence betwsen a300 ana
a400 in native receptors is part of a loosely structured dgmaég
on the surface of the protein exposed to the cytoplasm. 2,
Much of the N-terminal part of the a subunit {s thought to form

the extracellular gart of the receptor.
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Pigure 1. Identification of binding sites for e-bungarotoxin,
Pab 35, WGA, and PFPab 111 on receptors froa Torpeado marmorata
alectric orqgan, as viewed from the synaptic side of the membrane.
The Fourier difference maps (top} show positive (continuous
contours) and negative (dotted contours) peaks, corresponding,
respactively, tc exclusion of the gtain (i.e. presence of ligand)
and accumulation of the stain; the zero contour hag "een omitted.
The statiatical difference maps (middle) show contours of
increasing "t° values (see Methods;; the outermost contours
enclose regicns where the probability that the differencas are
real and not dve to chance i3 >39.9%; stars over the highest "t°
values identify the ligqand binding sites. The projection maps
(Sottom) show the poasitions of the binding sites with respect to
individual receptors in the cryital lattice; the sites associated
with central receptor are emphasized; the dyad symbol ( 8 )
relates the pair of receptors tentatively identified previously
49 the & subunit-linked dimer. Raproduced from reference 44.
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Pigure 2. The arrangement of subunits eround receptors in
Torpedo electric organ determined by the experimeats shown in
Pigure 1 Reproduced from reference 44.
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Pigure 3. Binding cof 125I~a-bunqarotoxih (a-Bgt) to synthetic
peptides from Torpedn ralifornica _acetylcholine receptor
a subupits. Aliquots (25 ¢ ) or 1xi0°7 M synthetic pentide in
i6 mM ltorate tvffer, pH 8.0, were applied to a Biodyne
immunoaffinity menbrane v:ia a slot-blot apparatus. Remaining
reactive sitesg were quenched overnight with 5% Carnaticn dried
milk 1n fris buffer ,zev Methods) and washed with five changes of
0.5% Triton X-100 ia P3S + NaNj. i43r-a-dungarotoxin (5x10=7 )
w8 a;pliad in the Cacrnation mrilkx quench Luffer plus or winus
2x10-" M unlabeled a-bungarotoxin. Antiserum to a subunits
followed by {¢7 arti-antibody was used to demonstrate that
comparable amounts cf al. jreptides were bound to the membrane. A
25-u1 aliquot of 2.8x)0°%°4 al]85-199 was required to bind a-

bungarotoxin, as shcwn ere. Application of al94-215, al72-18%,
or al27-143 4t this sa~e high molar concentration did not result
in specific binding of 143i-a-bungarotoxin. Note that excess

unlabeled a-bungarotoxin inhibits all binding of 145r-.labeled a-
bunqgarotoxin to al72-205 and al85-1939. Note alsc that antisera
to & subunits Jdn not detect alllh-199 bound to the filter. This
may be because this short sequence dJdoes not contain an epitcpe or
bucause smino d4ci1ds critical to the epitope are involved in
binding to the filter. Reproduced from refererce $5.
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Table 1.

Synthetic Peptides Corresponding to Sequences of the
Torpedo californica Electric Organ Acetylcholine Receptor

a Subunit.

neptide

sequence

[Tyr-11}al-11
[Tyr-60]ad44-60
[Tyr-831a66-83

[Gly-89,Tyr-90]a?3-90

a78-9)
[Tvr-104]a89-104
[Tyr-100]al00- 116
all2-17?

al27-14}
[Tyr-170]at¢® 470
al72-189
al85-199
al?2-20$

ai194-212

albl-277
[Tyr-347]a330--347
[Tyr-365]a349-36S
(Tyr-379]ad6N-379
[Tyr-386}ad71-386
[Tyr-4091u389-409
[Tyr-427]a427-437

SEHETRLVANY
DEVNQIVETNVRLRQQY
RWNPADYGGIKKIRLPSY
GGIKKIRLPSDDVWLPGY
IRLPSODVWLPDLVLY
DLYLYNNADGDFAIVY
YAIVHMTKLLLDYTGKI
YTGKIMWTPPAIFKSY

- S-S n
YCEIIVTHFPFDQQNCT
SPESDRPDLSTY
ESGEWVMKDYRGWKHWYVY
KHWVYYTCCPDTPYL
ESGEWVYMKDYRGWKHWVYYTCCP-

DTPYLDITYHF
PDTPYLDITYHFIMQRIPL
VELIPSTSSAVPLIGKY
KRASXEKQENKIFADDIY
SDISGKQVTGEVIFQTY
VIFQTPLIKNPDVKSAIEGY
DVXSAIEGVKYIAEHY
DEESSHNAAELEWKYVAMVIDHY
YGRLIELSQEG
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Figqure 4. Reaction of synthetic peptides with antisera to native
Torpedo californica electric organ acetylcholine receptor and to
its denatured a subunits. Synthetic peptides corresponding to
segments of the _a subunit sequence, indicated by the bars, were
labeled with 1251 as described _in Metaods. Antisera (5-10 4l)
were assayed by reacting with 125I-peptide (10 nM) in 100 ul of
10 mM sodium phosphate buffer (pH 7.5), 100 uM NaCl, 0.5% Triton
X-100, and 10 mM NaN3. The immune complexes were precipitated
with 100 sl of goat anti-rat immunoglobulin. Solid black bars
below the base line indicate that antisera did not react with
these peptides. Panel A shows the reaction of antisera to native
receptor with the synthetic peptides. Panel B shows the reaction
of antisera to SDS-denatured a subunits. Insert C shows a
magnified view of the overlap which occurred with antisera to a
subunits versus [Tyr-83)a66-83 and ([Gly 89,Tyr 90]a73-90 and
a78-93. Reproduced from reference 46.
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Amino acids contributing to epitopes on a subunits were
subsequently mapped at much_ higher resolution using the Geysen
synthetic peptide technique,54'5 as shown in Figure 5. The
complete sequence of a subunits of receptor from Torpedo was
synthesized as a series of 430 overlapping octamers (peptide
l=amino acide 1-8, peptide 2=amino acids 2-9, etc.). The
peptides were synthesized on plastic pegs in a format which fit
into 96-well microtiter plates to permit assay of antibodies
bound to the peptides with peroxidase-labeled anti-antibody.
After each assay the bound antibodies were removed and the
peptides reused. Both synthesis and assavs were monitored by
computer to manage the large amount of data involved.

Figure 5 shows typical results. Part A shows the pattern
obtained using rabbit antisera raised to a subunits of receptors
from Torpedo. There are several prominent epitopes. The pattern
is consistent with reaults we obta%ned previously by immunopre-
cipitation of synthetic peptides>2:33 (Pigure 4). Of course, on
native receptor there are epitopes which depend on the native
conformation of the receptor, and these will not be detected by
this technique. Part B of PFiqgure 5 shows that using an affinity
column with the synthetic peptide al52-167, you can affinity
purify antibodies directed at the epitopes in that sequence from
rabbit antiserum to & subunits. This validates the specificity
of the Geysen approach. This epitope is interesting because all
antibodies raised to denatured subunits_ _are thought to bind to
the cytoplasmic surface of the receptor.55 If this seguence were
exposed on the cytoplasmic surface, it would mean that there were
at least two transmembrane domains prior to the first hydrophobic
sequence in a. However, these antibodies are not adsorbed by
reasonable excesses of native receptor, and these affinity-
purified antibodies do not bind well to native receptor in
membranes as detected by electron microscopy with colloidal gold
labeling. Also, mAbs to this epitope do not bind to the native
receptor. Part C of Figure 5 shows that rat antisera to a
subunits detect the same basic pattern of epitopes detected by
rabbit antisera to a subunits. Part D of Pigqure 5 shows that we
have mAbs directed at several of the prominent epitopes on a
subunits. We had previously mapped these mAbs32:53 to the same
epitopes by immunoprecipitation of synthetic peptides, and in
some cases by peptide mapping, confirming the Geysen taechnique.
mAb 236 does not bind to native receptor, whereas mAbs 142 and
147 bind to the cytoplasmic surface. These rasults show that the
sequence between a350 and 2370 is on the cytoplasmic surface of
the native receptor.

The use of the Geysen technique to precisely map the epitopes
for subunit-specific mAbs is further illustrated in Pigure 6.
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Pigure 5. Mapping epitopes on a subunits of receptors from
Torpedo using the Ceysen synthetic peptide technique. As
descripved in HMethods, the indicated antigsera, affinity-purified
antibodies, and cocktail of mAbs were assayed in solid phase
using peroxidase-labeled anti-antibody for binding to 430
overlapping synthetic peptide octamery corresponding to the
complete sequence of a subunits from receptors from Torpedo
californica. Reproduced from reference 55.
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Pigure 6. Mapping epitopes on Torpedo acetylcholine receptor a
subunits for mAbs by the Geysen synthetic peptide technique.

The mAbs whose epitopes are mapped in Figures S5 and 6, as
well as other mapped mAbs, have previously been tested for
binding to the extracellular or cytoplasmic 3ur§ace of acetylcho-
line receptors in electric organ membranes. S Precise mapping
of their epitopes provides precise information about the
transmembrane orientation of specific sequences of the a subunit
sequence, which helps to determine its overall topology.
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The Geysen technique54 has advantages and disadvantages. It
offers very high resolution epitope mapping using large numbers
of synthetic peptides which Aare relatively quick and easy to
synthesize. Several of the mAbs in our library to Torpedo
receptor a subunits have been mapped in this way. However, it is
expensive in reagants ($4,000-5,000/subunit), and there is no
quality control possible on the peptides produced, in contrast to
conventionally synthesized peptides that can be purified and
characterized. Thus, if an antibody does not bind, it could be
because the peptide epitope synthesis did not proceed correctly.
Finally, the Geysen technique only detects the binding of
antibodies that do not depend absolutely on the native
conformation of the receptor and that react with very short
synthetic peptides. The a subunit peptides used in Pigqure 5 did
not react detectably with mAbs to the main immunogenic region.

By using ancther synthetic peptide technique we were able to
map the epitope for mAbs to the main immunogenic region.
Recently Tzartos and coworkers>’ were able to detect binding of
anti-main immunogenic region mAbs to shorter peptides by using an
assay in which the peptides were bound to polylysine-coated
plastic microwells. We were able to confirm and extend these
results, as shown in Figure 7 and summarized in Pigure 8. Many
mAbs to the main immuncgenic region bind to the peptide a68-76.
Thus, some of the amino acids that form the main immunogenic
region are in this sequence. Some mAbs, such as mAb 35, appear
to be absolutely ccnformation dependent. Presumably these mAbs
recognize amino acids that are contiguous only in the native
conformation of the receptor, whereas those mAbs that bind to
synthetic peptides probably recognize several consecutive amino
acids in the peptide as part of their epitope. Curiously, maAbs
to the main immunogenic region bind to muscle nicotinic receptors
from essentially all species tested (e.g. Torpedq, Electrophorus,
Rana, chickens, mice, . rats, cattle, and humans), except
Xenogus.58 The mAbs tested also do not bind to the Xenopus
sequence a66-76. This astablishes the biological sionificance of
the binding assay and suggests that asparagine 268 and aspartate
a7l are important contact residues. In the Xenopus peptid959 a68
iz aspartate and a7l is a lysine, altogether nonconservative
changes. Removing a68 converts the human sequence a68-76 from
one which binds mAb 210, to a69-76, which does not, further
demonstrating the importance of asparagine a68. These results
permit us to map this important epitope with fairly high
resolution. The function of this part of a subunits is unknown;
mAbs bound %o it do not interfere with ligand binding or channel
functiog It is a pathologically important epitope in myasthenia
gravis. 8 The highly conserved structure of the main immunogenic
region suggests that it may ba important for an aspect of
receptor function yet to be appreciated.
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Pigure 7. Mapping the main immunogenic region epitope on the

sequence of a subunits by an ensyme-linked immunoassay using

synthetic ro§gedo acetylcholine receptor a subunit peptides
poly

coupled to ysine-coated microwells to detect binding of mAbs
to the main immunogenic region. Peptides were glutaraldehyde
coupled to polylysinna-coated wells. PBS cont~ining 1% bovine

serum albumin, 1% ovalbumin, and 0.l1% Tween 20 to inhibit
nonspecific binding was used to quench and wash the wells and for
all subsequent incubations. mAbs at concentrations >1 uM were
allowed to bind overnight. After thraee washes bound mAbs were
detected using an anti-rat IgG mAb coupled to peroxidase.
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Synthetic peptides that bind to MIR mAbs:
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Why mAbs to the main immunogenic region should react
detectably with synthetic peptides in an ELISA assay, but not
with the same synthetic peptides in immunoprecipitation assays,
is not entirely clear. In part it is probably because
immunoprecipitation assays depend on the microscopic affinity of
a single mAb binding site for a single soluble peptide, whereas
in an ELISA, avidity greatly 1increases if peptides on the solid
phase are close enough so that both binding sites ~n a mAb can
bind simultaneously. Soluble peptide in huge molar ex:cess is not
effective at inhibiting mAb binding to the same peptide on_the
solid phase. Quantitation of the solid-phase assay using 1251
mAb 210 or l251-peptide indicates that only 0.2% of the bound
peptide can bind mAb 210, but this mAb 210 binding occurs with
very high affinity (I<D=3xlO"8 M) as compared to the affinity of
mAb 210 for native receptor (9.2x10-10 ). Attempts to
synthesize soluble peptides with high affinity for mAb 210 by
synthesizing dimers of a66-76 or dimers of a68-76 joined by a
10-glycine linker have not succeeded in making a soluble multimer
with high affinity for mab 210. Thus, either a peptide has not
been synthesized which has the proper conformation to permit
bivalent binding by the mAb, or some other mechanism than
multivalent binding is responsible for the small amount of high-
affinity binding that produces signal in ELISA assays. It may be
that in glutaraldehyde cross-linking peptides to polylysine-
coated microwells, the reaction product somehow occasionally
mimics the native conformation of the main immunogenic region.

A summary analysis of structural features of the a subunits
of Torpedo acetylcholine receptors determined using mAbs and
synthetic peptides is presented in Figure 9. Structural features
are related to the amino acid jequence of the a subunit. The
saequence 1is analyzed theoretically by standard analyses for
hydrophobicity, charge, and propensity for forming a helices or
p-pleated sheet structures for comparison with the locations of
structural features and antibody binding sites. A plot of a
Geysen analysia of the binding of rat antisera to denatured a
subunits reveals the location of all major epitopes on denatured
a subunits. Mapping of epitopes for mAbs in our library reveals
that there are mAbs that recognize all major epitopes. 1In
addition, there are mAbs that recognize minor epitopes. These
wer . often prepared u3ing synthetic peptides as immunogens to
drive the i.ummune response to poorly immunogenic sequences. Where
the transmembrane orientation of the epitopa for the mAbs has
been determined, it is indicated. This information provides most
of the support for determination of the extracellular or
cytoplasmic orientation of the polypeptide chain indicated at the

top of the figure.

George Hess at Coraall University is investigating the
possibility of using yeast cells transformed using cloned cDNAs
for receptor subunits to express larqe amounts of receptor
proteins which would otherwise be available only in tiny amounts.
If successful, this approach would be very valuable for providing
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receptors for biochemical studies, pharmacological characteriza-
tion, or for use in practical applications that might require

large amounts of receptor protein. As a model system, he chose
to try to express Torpedo acetylcholine receptors. We have

collaborated with him, providing biochemical and immurschemical
characterization of the receptor subunits synthesized by the
transfected yeast prepared in his laboratory.Gl‘

First, a yeast strain was transformed only with Torpedo
receptor a subunits. Small amounts of subunits could be detected
in Western blots. Their properties were studied in a sandwich
radioimmunoassay. A mAb to a subunits (mAb 173) coated on plastic
microwells was used to immobilize detergent-extracted a subunits,
whose properties were then characterized by the binding of 1251
labeled ligands (Pigure 10). a subunit3 expressed in yeast were
as effective as SDS-denatured purified a subunits or native
receptcr in binding 125I-mAb 142 (FPiqure 10A). This mAb binds to
the sequence 2349-365 on the cytoplasmic surface of a subunits

{Piqures 5 and 6). This part of the receptor appears very
flexible and can achieve similar contormations in both native and
denatured receptor. a subunits expressed in yeast were

intermediate in affinity for 1251-mab 236, between denatured a
subunits (which hLad high affinity for this mAb; and native
receptor (which had very low affinity) (Figure 10B). mAb 236 was
made to the synthetic peptide al52-167 and basically cannot bind
to a subunits in their native conformation, but it detects an
jintermediate conformation in a subunits expressed in yeast. a
subunits expressed in yeast bind 125I-mAb 210 with an affinity
intermediate beftween native receptors (which have high affinity)
and denatured a subunits (which have low affinity) (Figure 10C).
mAb 210 binds to the main immunogenic region of native receptor
with high affinity and binds with low affinity, but high
specificity, to the synthetic a subunit peptide a66-76 (Figures 7
and ?}. e subunits expressed in yeast have much higher affinity
for 1251-mAb 35 than do denatured a subunits, but much lower
affinity than do native receptors (Figures 10D). mdb 35 binds to
the main immunogenic region of native receptor with high
affinity, but has no detectable affinity for synthetic a subunit
peptides (Pigure 7). The results with mAbs 210 and 35 suggest
that @& subunits in yeast exhibit conformations of their main
immunogenic regions 4intermediate between denatured and native
receptors. a subunits expressed in yeast bind 1251.4-
bungarotoxin more avidly than do denatured a subunits, but much
less avidly than do native receptors (Figure gOE).
Carbamylcholine and curare are effective at inhibiting 1251-a-
bungarotoxin binding to native receptor, but nct to a subunits
erpressed in yeast or to denatured a subunits (Pigure 10F). These
results suggest that the acetylcholine binding site of a subunics
exprassed in yeast, like the main immunogenic region, is in a
conformation intermediate between native and denatured. Thus,
when all are compared solubilized with nondenaturing detergents,
the properties of the expressed a subunits closely resemble those
of the Intermediates of receptor synthesis detected in mouse
BC3H-1 cells®! and the unassembled a subunits detected in human
TE671 cells to be described subsequently.
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FPigurs 10. Properties of Torpedo nicotinic receptor a subunits
expressed in yeast calls compared with SDS-denatured a subunits
and native receptors by a sandwich radioimmunoassay. Plastic
microwells coated with mAb 1731 were used to immobilize receptor
or subunits and then binding of I43r.labeled ligands was
measured.
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A yeast strain was transformed simultanecusly with cDNAs for
a, £, Z' and § subunits of receptors from Torpedo electric
organ. mRNA extracted from this strain was injected into
Xenopus oocytes and shown to ccde for the synthesis of functional
receptors. Thus, transcription of Torpedo receptor suburits in

the yeast cells was effective. However, only small amcunts of
subunit proteins could be detected by Western blots, and no g
subunit protein was detected. It was found that by making a

chimera substituting most of thes a subunit signal sequence for
the J signal sequence, and by growing the yeast at 5°C,
detectable amounts of J subunits could be made (Figure 11). In
any case, the a subunits retained the properties cf the synthetic
intermediate and did not assemble efficiently with the other
supunits to form native receptors. There 1is clearly a
translation or posttranslation problem in yeast which impairs
their ability to synthesize large amounts of subunits and
properly assemble them into native nicotinic receptors. One
problem may bLe proteclysis of these foreign proteins in the
yeast. Another problem nay be different properties of the veast
membranes. For example, native receptors and a subunits can be
easily solubilized from Torpedo electric organ, BC3H-1 cells,
TE671 cells, etc., using 0.5% Triton X-100 (Boehringer Mannheim,
Indianapolis, IN). However, solubilization of receptor subunits
from yeast required a mixture of detergents: 0.5% Zwittergent
3-14 (Calbiochem, San Diego, CA), 2% Triton X-100, and 0.05% SDS
(Sigma, St. Louis, MO). A third problem could be incompatible
“chaperconins“63 required to assist assembly of multisubunit
proteins like receptors. Whatever the reason, so fa:r, yeast have
not proven to te an effective system for synthesizing receptors
from their cDNAs.

Injection of synthetic mRNAs into Xenopus ococytes has been
found by several investigators to be e&n effective way to express
small am%unt of acetylcholine receptors from their subunit
CDNAs . 26,28-30,66

We used the Xenopus oocyte expresaion aystem to express
various combinations of Torpedo acetylcholine receptor subunits,

as shown in Pigure 12. when a subunits were expressed alone or
in combination with g subunits, the a subunits did not exhibit
substantial affinity for a-bungarotoxin. Cther experiments (not

shown) using subunit-spec'fic mAbs to locate a and g subunits
showed that substantial amounts of the subunits were made, but
that they formed amorphous aggregates of many sizes, distributed
from the 55 size of single subunits to much larger aggregations.
When a subunits were expressed in combination with either 7 or §
subunits, the conformation of the a subunit matured so that it
not only exhibited affinity for a-bungarotoxin, but also
specifically bound the small cholinergic ligand carbamylcholine.
Also, tha a subunits efficiently bound to 7 or § subunits to form
a unique complex of about the size expacted for a pair of
subunits. Coexpression of a, 7, and § subunits resulted in a
still larger complex nearly the si{ze of mature receptors, as well
as some complexes the size of subunit pairs. Then addition of g
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Pigqure 12. Cholinergic ligand-binding and sedimentation
properties of To ~>edo acetylcholine receptor subrnits expressed
in various combinstions in Xenopus oocytes. Cocytes were
injected with 1., ng of mRNA for each Torpedo receptor subunit
synthesized in vitro. Two days later Triton X-100 extracts of

pools of 10 oo.,tes were sedimented on 5 ml sucrose gradients at
65 C00 rpm in & VTi 65 rotor fcr 70 minutes. Fractions were
collectad in plastic mjcrowalls coated with mAb 210 (to the main
immunogenic region. Sr-a-bungarotoxin at 2 nM plus (0O--0)
or minus (@--W) 10-3M carbamylcholine was added, and the
somples were incubated overnight at 4°C on a shaker. Then the
microwells were washed three times and 1251 measured by 7

counting.
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subunits resulted in expression of native receptor monomers as
well as some unassembled subunit pairs. Receptor dimers which
are characteristic of receptors in electric organs were not seen.
a subunits can mature in their ligand-binding properties without
concerted assembly of all receptor subunits. These results are
consistent with and substantially extend those of others67:68 and
suggest, as will be tested by further experimentation, that
receptor subunits may assemble first as pairs of a subunits and %
subunits or a subunits and § subunits, and these pairs may
further associate before receptor synthesis is completed by the
addition of g subunits to form the circular afayé arrangement of
receptor subunits shown in Figure 2.

Human Acetylcholine Receptors

We first discovered that the human cell line TE671 expresses
muscle-like acetylcholine receptors by observing that
autoantibodies from myasthenia gravis patients reacted as well
with these receptors as they did with receptors extracted from
human legs.®9 Then we found that maAbs which recognized neuronal
nicotinic receptors with high affinity for nicotine from human
brain did not recognize receptors from TE671.18 Recently we
found that antisera to the a-bungarotoxin-binding protein
purified from chicken brain reacted with a-bungarotoxin-binding
proteins from human brain, but did not react with receptors from
TE671 cells.’ These results all contradicted the earlier idea
that TE671 cells expressed receptors corresgonding to the a-
bungarotoxin-binding protein from human brain?0:71 and supported
the idea that these cells express muscle-type receptors.

We then established that TE671 expresses large numbers of

functional muscle-type nicotinic receptors.’ Others now have
similar results,8 Acetylcholine induced the opening of receptor
channels with a conductance of 44-45 pS (Figure 13). a-

Bungarotoxin blocked receptor activity (Figure 14). A majority
of the channel openings were brief (65% had a time constant of
0.82 ms) whereas a minority of the openings were more prolonged
(35% had a time constant of 3.3 ms). These properties are all
consistent with those of muscle nicotinic receptors.

Receptors from TE671 cells were shown to be of muscle type by
immunoprecipitation reaction with mAbs raised against receptors
purified from human leg muscle, such as mAbs 203 and 207.7 These
receptors were shown to be antigenically of the extrajunctional
type by their ability to react with two other mAbs to receptors
from human muscle, Cg9 and Fg, which have been shown to react only
with extrajunctional receptors.

Receptors were affinity purified from TE671 cells? by
affinity chromatography using a-bungarctoxin (Table 2). The
specific activity of unpurified receptors from TE671 is 1/20 that
of Torpedo electric organ, twice that of mouse BC3H~1 muscle
cells, and 27 times that of fetal_calf muscle. Pure receptor was
obtained at high yield, free from proteolytic degradation.
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Pigure 13. Acetylcholine induces openings of single receptor
channels in TE671 cells. Openings were recorded at an applied

voltage of 100 mv at 0.5 uM acetylcholine or 70 mv at 10 uM
acetylcholine. Reproduced from reference 7.
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Pigqure 14. Analysis of single acetylcholine receptor currents in
TE671 cells. A, a-bungarotoxin (0.04-0.15 puM in various
experiments) blocks the opening of receptor channels induced by
acstylcholine (at 0.5-50 uM). B, The receptor channels behave
ohmically with a conductance of 45 pS. C, Receptor channels
frequently open for short durations (0.82 ms) and less frequently
open for longer durations (3.3 ms) in 10 pM acetylcholine at 100
mv. The data for 2,035 openings (noisy curve) are fit by a sum
of two exponentials (smooth curve). Reproduced from reference 7.

40



Purification of Receptor from 20g (12 roller bottles)

Table 2.
of TE671 Cells.
AChR a-Bgtd 1251.4-Bgt

Volume Protein Binding Sites Specific Activity
Fraction (ml) (mg) {pmol) (%) (pmol/mg protein)
Initial
extract 100 570 1,804 100 3.16
Unbound
to a-Bgt
affinity
column 100 380 702 39
Wash
steps 650 180 342 19
Affinity
column
eluate 6 0.100 776 43 7,800
& g-Bungarotoxin.
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Receptors purified from TE671 cells were composed of four
kinds of subunits of apparent molecular weights 42,000, 52,500,
55,000, and 62,000 (Figure 15A), which corresponded antigenically
to the a, A, 7, and § subunits of receptor from Torpedo electric
organ by Western blotting (Figure 1S5B). The a subunits were
shown to form the acetylcholine binding site by affinity labeling
with MBTA (Figure 15C).

TE671 cells contain poly (A*) mRNAs corresponding to the a,
f. 7, and § subunits of receptors from mouse muscle (Figure 1SD).

The sequence of a c¢DNA for the a subunit of receptor from
TE671 is identical to that expected from a human genomic clone38
and exhibits 295% sequence identity with a subunits from murine
and bovine muscle (Fiqures 16 and 17). This unequivocally
identifies TE671 a subunits as being of the muscle type. It
further confirms the remarkable degree of sequence conservation
characteristic of muscle nicotinic receptor a subunits. Many
sequences are conserved including a glycosylation site, four
hydrophobic domains, and cysteines at 192, 193, which in
Torgedo4915° are known to be disulfide linked and which are near
the acetylcholine binding site and can be affinity labeled by
MBTA after reduction of this disulfide bond.

The sequence of a cDNA for the § subunit of receptor from
TE671 is that expected for § subunits of a muscle nicotinic
receptor (Fiquxes 18 and 19). It exhibits 290% sequence identity
with 6 subunits from murine and bovine muscle. The sequences of
§ subunits are less well conserved than are those of a subunits.
The greatest extent of dissimilarity is in the sequences between
amino acids §398-451. This region 1is expected to be on the
cytoplasmic surface.>2/,33 The sequences of § subunits and a
subunits from TE671 exhibit 30% identity, showing that the
subunits are homologous, as expected. The & subunits from TE671
show conservation of four hydrophobic domains, three putative N-
glycosylation sites, and three putative phosphoxylation sites.
The § subunits of receptors from TE671, 1like thosa of muscles
from other sources, lack the penultimate g-terminal cysteine
through which § subunits from Torpedo dimerize 3 (Figqure 16).

Sucrose gradient analysis of receptors synthesized by TE671
cells revealed the presence of two components that bound a-
bungarotoxin (Pigure 20). The larger of these two components
corresponded to the size of 9S monomers of Torpedo receptors, as
expected., The smaller component sedimented at about 5S. It was
bound by mAbs to a subunits, but not jJ, 9, or § subunits.
Although these unassembled a subunits bound a-bungarotoxin, they
did not bind carbamylcholine. Although these subunits bound
antibodies to the main immunogenic region, such as mAbs 35 and
210, their affinity was much lower than for native receptors. In
all these properties the unassembled a subunits in TE671 cells
resemble a synthetic intermediate of_ _a__subunits previously
described in the mouse cell line BC3H-1.51:72 In TE671 cells the
amount of this intermediate is nearly equal to the amount of
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mature receptor. The intermediate does not appear on the surface
of TE671 cells, as shown by the observations that it is not
labeled by 1251-g-bungarotoxin applied to intact cells and is not
antigenically mocdulated by mAb 210 applied to intact cells, in
contrast to intact receptor monomers. Although unassembled a
subunits of human muscle acetylcholine receptor appear at least
as conformationally mature as a subunits of Torpedo acetylcholine
receptors expressed in yeast (Figure 10), and more mature than
Torpedo a subunits expressed in Xenopus oocytes (Figure 12), they
are still immature, and like a subunits of Torpedo receptors
(Pigqure 12), might be expected to acquire affinity for small
cholinergic iigands after associaticn with 7 or § subunits.
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Pigqure 15. Subunits of receptors from '©671 cells. A, Receptors
purified from TE671 and Torpedo elactric organ have similar
molecular weights as shown by elec.rophoresis under reducing
conditions on acrylamide gel in SDS and staining with Coomassie
blue. B, Subunits from TE671 receptors correspond to those of
receptor from Torpedo by western blotting. Bound antibodies were
localized by ~autoradiography using 1 S5r-mouse anti-rat IgG.
C, Affinity labeling with 3H-MBTA ~and specific inhibition of
labeling by carbamylcholine identify the a subunit of receptor
from TE67]1 as forming the acetylcholine binding sits. D, Poly
(A*) mRNAs for the four subunits of receptor from TE671 are
detected by high stringency hybridization using cDNAs for mouse
muscle receptor a, f, 7, and & subunits, The cDNA probes used
were described by  Heinemann at a1.”3 Reproduced from
reference 7.
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CTGCCCACAGACTCAGGGGACAAGATGACTCTCAGCATCTCTGTCTTACTGTCT ITRACTATATTCCTTCTCUTCATCRTUGAGC FGATC
720 740 100 108 Te0
ProSerThrSerSerAlovaiPreloulleGiylysTyrdotiouPhoThridotVaiPhaVeilioAtaSerYiolielliaThrevallle
CCCTCCACGTCCAGTGCTGTGCCCTTOATTGGAAAATACATOACTGTTCACCATARTETTCATCATYGCCTCCATCATCATCACYGTCATC

(] 029 840 "o see

100 328
Ve illleAanThrHisHisArgSerProeSerThriisVeletPreAonTrpVeiArglyoVa!PhalioAspThrlialPreAonIicidet
GTCATCAACACACACCACCQCTCACCCAQGCACCCATGTCATGCCCAACTUGATGCGGAAGETTTTTATCGACACTATCCCAAATATCATG

06 920 948 "0
340

PhePhoSerThridetlysArgPreSerArgGlulysGinAsplysLysllefheThedlviasnliodnplleSerAepliaSerdiylye
TTITTCTCCACAATGAAAAGACCATCCAGAGAAAAGCAAGACAAAAAGATTTTTACAGAAGACATTCATATCTCTGACATTTCTCCAAAG

[ 11 1900 1020 1640 1880
200 180

ProQiyProProePreetl.yPhorioSerProloullolysHisPreQivvailysSecdtialie@ivlliyliotyeTyrlliaAlaGly
CCAOGGCQTCCACCCAYgCOCYTCCACTCTCCCCYQA?CAAACACCCQQAGOTCAAAQGYQCCAYCGQOGQCATCAAQYACAYCQCAQAG

1080 1108 1.20 1148
ThruetLysSerAepdinGivSerAsnAsntioAlsarieQluTrplyeTyrvVeiAlskatValatiophisllelouleuGlyVeiPhe
ACCATIAAGTCAGACCAGGAGTCTAACAATGCGACBOCAGAGTGGAAGTACGTTCCAATEATCATGGACCACATACTCCTCGGAQTCTTC

1180 20 1190 1208 122¢ 1240
MetLouVeiCyallelleGiyThriouAleVaiPhoAlaQlyArgloullellviovAsalinCtnQliyEnd
ATGCTTATTTACATCATCAGAACCCTAGCCGTATY TGCAQGTCQACTCATTGAATTAAATCAGCAAGGATGAGCAGALAATGAGCTGAGC

1260 12¢0 1308 1220
TTAGCTCTACCCTOGAACCTACCAGAGCARAGAAGGGCAQAAGAGGAAGATTTATC TACTIGCTCCACTCACACTTATCAAACQTATTAT

1340 1380 1300 1408 1420
ATYCCAYQCTTAYTAYT@ATGATAAQA!?TACCTTTATOTAACYTTATOOCCTTCAAQTleTTCAYQYTQCTTCTCGCTTTAOTTCTGC

1440 1460 1406 1600
TATCTCCCTAAAGAQTAAACCCTCTTTAGTAAATGAAACTAATC ACTAAAAAAAALAAALARAAA A
1820 1840 260

Fiqure 16. Nucleic acid sequence and deduced amino acid sequence
of a CcDNA for the a 3subunits of raceptors from TE671 cells.

Reproduced from reference 7.
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Fiqure 20. Sucrose gradient density sedimentation of TE671

extracts shows the presence of unassembled a subunits with

immature acetylcholine binding sites. 125[-a-bunqarotoxin

binding in gradient fractions of TE67]1 extrac. assayed in the
absence (B ) and presence (A) of cold a-bungarotoxin (1 uM) to
determine total and nonspecific binding and in the presence of
100 mM carbamylcholine ((J) to determine tha species which could
also recognize small cholinergic 1173 ds. Plastic microwells
coated with mAb 210 were used to bind 12 l-a-bungarotoxin-labeled
receptor. The native human acetylcholine receptors are about the
size of Torpedo receptor monomers. The smaller (~5S) component
congists only of @ subunits and 1is bound by mAbs to a subunits,
but not by mAbs to p, 17, or § subunits. These unassembled a
subunits bind a-8gt, but have  negligible affinity for
carbamylcholine.
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Neuronal Nicotinic Receptors

Purification and Characterization of Receptor Subtvpes

An overview of our biochemical and molecular genetic studies
of the structure of neuronal nicotinic receptors and a comparison
with muscle nicotinic receptors is presented in Fiqgure 21. This
uses receptor subtype nomenclature that I hcpe will become
standard, in which the subtype name is determined by the subunit
genes and their stoichiometry, 1in cases for which these are
known. Muscle nicotinic receptors are known to exist in two
developmental forms, which differ by the substitution of a
subunit.’4 It is not known if neuronal nicotinic receptors vary
developmentally in this way. Receptors in wuninnervated or
denervated muscle use ¢ subunits, whereas receptors at mature
neuromuscular junctions use ¢ subunits.’4 Subunits of electric
organ nicotinic receptors were initially termed a, f, 7, and § in
order of 1increasing apparent molecular weight, and this
nomenclature has persisted. Late~ it was discovered, primarily
as a result of affinity labeling with MBTA at cysteines al92,193,
that the lowest molecular weight a sufunits formed the
acetylcholine binding sites.30 All neuronal nicotinic receptors
also label with MBTA,l but this always reacts with the highest

molecular weight subunits.l14,16,19,20 The term "a" for
acetylcholine-binding subunits has persisted in the case of
neuronal nicotinic receptors. A series of cDNAs containing

cysteines homologous to al192,193 of muscle gecegtors were termed
a2, a3, a4, etc., in order of discovery.zgr 1,32,35 p series of
neuronal nicotinic receptor subunit c¢DNAs that lack cysteines
homologous to 2192,193 have been termed f2, g3, etc. Muscle
nicotinic receptors bind a-bungarotoxin with high affinity to
their acetylcholine binding sites, but neuronal nicotinic
receptors do not.l,11,13-15,13,20 Muscle nicotinic receptors
have moderate affinity for nicotine, whereas some, but not all,
neuronal nicotinic receptor subtypes have very high affinity for
nicotine.1,11,13-15,13 "Ag shown in Piqure 2, muscle nicotinic
receptors have a gseudopentagonal symmetry /~d the subunit
stoichicmetry a2£176. 4 we have found that neuronal nicotinic
receptors are composed of equal numbers of only two types of
subunits,12,14,19,20 and it i{s currently uncertain whether there
are two or three copies of each subunit, but it ‘s clear that
neuronal nicotinic receptors cannot exhibit the pentagonral
symmetry of muscle nicotinic receptors. Nicotinic receptors of
three subtypes are immuncaffinity purified from chicken brains if
a mAb that binds to a kind of structural subunit that is used by
saveral receptor subtypes is used on the affinity column. Two of
the three subtyres pradominate.19 One of these predominant sub-
types is comgoaed of f2 structural subunits of apparent molecular
weight 49kD3° and a2 acetylcholine-binding subunits of 59kD. The
other predominant sg?type in chicken brain is composed of f2
|tructgra1 subunits and a4 acetylcholine-binding subunits of
75%xD. } Trace amounts of a third subtype composed of p2 struc-
tural subunits and a3 acetylcholine-binding subunits of 59kD
copurifies f{rom brain, but this subtype predominates in ganglia
and retina 37/75 This ganglionic subtypa of receptor has lower
affinity tor nicotine than do the a2f2 and a4f2 subtypes. From
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mammalian_ brains a single subtype has been immunoaffinity
purified, 14,20 put there are probably small amounts of receptors
with the same structural subunit in combination with a2, a3, and
other acetylcholine-binding subunits. Nicotinic receptors
immuncaffinity purified frow rat brains using a mAb to structural
subunits consist of f2 structural subunits of apparent molecular
weight 51kD335 and a4 acetylcholine-binding subunits of apparent
molecular weight 79kD.l7 These account for >90% of the nicotine
binding in rat brain.l Immunologically and pharmacologically
homologous receptors predominate in brains of cattle and humans
and these are thought to be encoded by the same genes.26
Receptors immunoaffinity purified from bovine brains have
structural subunits of apparent molecular weight 50kD and
acetylcholine-binding subunits of 75kD.

For clarity in subsequent descriptions of the data, receptor
subtypes and subunits will be referred to by the names cf the
genes that encode them. In fact, this information is hard won

and recent. Initially the subunits were characterized by
molecular weight, then by MBTA-affinity labeling and by mAb-
binding properties. Only recently hava N-terminal amino acid

sequencing of purified subunits and reaction with antibodies to
bacterially expressed unique sequences of subunits permitted
association of the subunits of receptors as they occur in vivo
with specific cDNAs identified by low stringency hybridization,
initially using cDNA probes fecr subunits of muscle nicotinic
receptors.

We began studies of neuronal nicotinic receptors by screening
a library of mAbs to muscle nicotinic receptors for mAbs that
would cross-react with neuronal nicotinic receptors., We found
that mAb 35 to the main immunogenic region reacted with nicotinic
receptors in chickens.-1l  nmAb 35  was used to affinity purify
a2p2 receptors from chicken brains.l2 These receptors were used
as immunogens to raise a library of subunit-specific mabs.l
These were used to purify a4f2 receptors from chickens.l9 Later,
mAbs to a unique fragment of a3 expressed in bacteria3? were used
on Western blots to demonstrate that receptor preparations
purified from chicken brains using mAbs to structural subunits
shared by the various subtypes contained small amounts of the
@32 subtype. mAb 270 to structural subunits was used to purify
a4p2 receptors from rat brains.l4% Then these receptors were used
as immunogens to raise a library of subunit-specific mAbs for
mammalian receptors, one of which was used to purify receptors
from bovine brains, and others of which were used to
immunoisglate receptors from human brains for pharmaco’ogical
studies.20 Thase mAbs were also used for immunchistochemical
studies.21-23,76 Meanwhile, partial or complete cDNAs for a2,
a3, a4, and fp2 subunits353 were isolated from chicken brains,
sequenced, and in some cases used to express unique peptide
sequences for the preparation of subunit-specific antisera and
mAbs.37 These studies are summarized below.
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Although mAb 35 reacts with acetylcholine~binding subunits of
muscle nicotinic receptors, it binds to structural subunits of
neuronal receptors, as shown in Figure 22. In native neuronal
receptors from chickens, mAb 35 has substantial affinity only for
the a2f2 and 2382 subtypes.l9,37 mAb 210, also directed at the
main immunogenic region, has binding properties similar to mAb
35, though it reacts better with denatured subunits and reacts on
Western blots with the denatured structural subunits of both the
22p2 subtype and the a4p2 subtype.19 In brain there is only a
small amount of the a3f2 subtype,37 as shown in Figure 23, and
nearly equal amounts of a2f2 and a4p2 subtypes,19 as shown in
Figure 24. In ganglia essentially all of the receptors recognized
by mAb 35 are of the a3p2 subtype,3’ as shown in Figure 23.

Receptors immunoaffinity purified from chicken brains using
mAb 35 were used as immunogens to raise the library of subunit-
specific mAbsld described in Table 3. mAb 270 to f2 structural
subunits from chickens immunocaffinity purified both the a3f2 and
the e4p2 receptor subtypes from chicken brains.l These two
subtypes could be separately purified by using mAb 35 to bind the
a3p2 subtype and mAb 284 to bind the a4f2 subtype, as shown in
Figure 25. :

mAb 270 raised against chicken neuronal receptors was used to
affinity purify the single a4 p2 receptor subtype that
predominates in rat brains. This receptor was then used as an
immunogen to generate a library of subunit-specific maAbs20
described in Table 4.

mAb 295 raised against receptors from rat brains was then
used to immunoaffinity purify the dominant a4p2 receptor subtype
from bovine brains,20” as shown in Figure 26. Like the a4p2
receptor subtype in rat brains, the a4p2 receptor in bovine brain
accounts for at least 90% of the high-affinity nicotine binding
sites present. Purification of receptors from human brains was
hampered by autolysis due to prolonged intervals between death
and autopsy. The partially proteolyzed receptors retained their
ligand-binding properties, as will be described later.

Acetylcholine-binding subunits were identified by affinity
labeling with 3H-MBTA,16:19,20 as shown in Figures 26 and 27.
This is important because it proves that these subunits form the
acetylcholine binding sites. All of these subunits contain a
cysteine pair homologous to al92,193 in their cDNA sequence, as
described below, 2nd these cysteines are the probable site of
MBTA reaction, by homology with the known site of reaction of

MBTA on Torpedo a subunits.>0

cDNAs for chicken neuronal nicotinic receptor subunits were
identified by low-stringency hybridization using cDNA clones for
neuronal nicotinic receptors from rat brain obtained from Drs.
Patrick and Heinemann. p2 structural subunit sequences and a4
acetylcholine-binding subunit sequences were highly conserved
between chickens and rats, as shown in Figure 28. The sequences
of ail of the chicken neuronal nicotinic receptor subunit cDNAs
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studied are compared with the sequence of chicken muscle a
subunits in Fiqure 29. Neuronal nicotinic receptor sequences
exhibit features characteristic of all nicotinic receptor
subunits, such as conserved cysteines at consensus sequences 137
and 151, variocus short identical sequences, four hydrophobic
sequences, and a large putative cytoplasmic domain unique to each
subunit. The chicken cDNA sequences determined were essentially
identical _to genomic sequences determined by Ballivet and
coworkers.

Determination of the ¢DNAs which correspond to the subunits
of purified nicotinic receptors was achieved by N-terminal amino
acid sequencing in several cases, such as a4f2 receptors from rat
and chicken brains, as illustrated in Figure 30.17/35 The
identity of the structural subunits in a2p2 receptors was also
established by N-terminal sequencing. The identification of a4
genes as encoding the 75kD acetylcholine-binding subunits was
further confirmed by showing that antisera and mAb 289 specific
for a bacterially expressed sequence corresponding to the
putative large cytoplasmic domain (the shaded sequence on a4 in
Pigure 29) bound to this subunit. Antisera and mAb3 were
prepared to a similar sequence from 2337 (the shaded sequence on
a3 in Piqure 29); see Table 5. These antibodies did not bind the
major brain receptor subtypes, but did bind ganglionic receptors,
as shown in Pigure 23. These mAbs to a3 applied to Western blots
of receptors purified from chicken brains wusing mAb 270 to f2
structural subunits revealed a faint band at 59kD, corresponding
to the smalli amounts of @3f2 receptors present in brain, which
copurify with the major subtypes. Antisera to the putative large
cytoplasmic domain of a2 expressed in bacteria (a2 331-545 in the
numbering on Pigure 29) did not bind well to native a2p2
receptors, but heavily labeled the 59kD acetylcholine-binding
subunit of these receptors on Western blots, thereby establishing
their identity.

Neuronal nicotinic receptor subunit stoichiometry is
distinctly different from that of muscle nicotinic receptors.
Each neuronal nicotinic receptor contains more than one copy of
its acetylcholine-binding subunit and more than one copy of its
structural subunit, as shown by studies like those described in
Figure 31, which shows that each receptor can bind at least two
mAbs specific for each subunit.19 Each neuronal nicotinic
receptor was shown to contain equal numbers of acetylcholine-
binding and structural subunits by experiments like those shown
in Pigure 32, in__which the relative amounts of subunits are
measured using 123I-labeled subunits. The presence of equal
numbers of each of two subunit types proves that neuronal
nicotinic receptors cannot exhibit the pseudopentagonal symmetry
of muscle nicotinic receptors. The size of neuronal nicctinic
receptors as determined by sucrose gradient sedimentation
experiments like those shown in Figure 33 indicate that there
must be between two and three copies of each subunit, but do not
permit critical distinction between these two numbers. Neuronal
receptors sediment slightly more rapidly than do monomers of
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Torpedo receptors. The relative sedimentation rates are affected

by the detergent and lipid environments. The calculated
molecular weight of Torpedo receptor monomers, including protein,
sugars, and a-bungarotoxin as a label, is 303,366. The

calculated molecular weight of two rat a4 subunits plus two f2
subunits plus glycosylation equivalent tc Torpedo is 262,820;
whereas the calculated molecular weight for three subunits of
each is 394,230. Size determination by gradients cannot clearly
distinguish between these alternatives. A diagrammatic depiction
of some alternate subunit stoichiometries 1is given in Figure 34.
The concept that subunit types alternate between acetylcholine-
binding and structural around a central channel seems likely by
homclogy with muscle receptors. The idea that there are only two
subunits of each kind is appealing for its simplicity. It is
consistent with the observation of a Hill coefficient for
activation by acetylcholine of 1.5 reported for chicken a4p2
receptors expressed in oocytes, because this approximates the
value for muscle receptor (with two acetylcholine-binding
subunits) of 1.6-1.7.30 It is also consistent with the
observation that these expressed receptors exhibit a conductance
of only 20 Bs, approximately half the value exhibited by muscle
receptors.3 This could result from a smaller diameter channel
due to a reduced number of "barrel staves" surrounding it.

Developmental changes in the amount of a3, a4, and f2 subunit
mRNAs in brain and retina during chicken development were
measured by Northern blot analysis, as shown in Fiqure 3S5.
Higher levels of subunit mRNAs were <present in embryos than in
aduits. Similarly, the concentration of receptor protein was
higher in embryos. The level of a3 mRNA is quite low in brain,
but much more substantial in retina. Within the brain there are
changes in the relative amoun*s of a2f2 and a4p2 receptor
subtypes during development.

Pharmacological properties of detergent-solubilized and
immunoisolated neuronal nicotinic receptors from several species
were measured.l3,13,2 None of the subtypes studied bound a-
bungarotoxin. All of the subtypes bound MBTA, but there were
differences in reactivity with MBTA and bromoacetylcholine
between species, as shown in Fiqgure 36. The a2f2 and adp2
subtypes from chicken brain exhibited similar pharmacological
profiles characterized by nM affinity for nicotine and cytosine,
and much lower affinity for «classic antagonists like curare, as
shown in Table 6.19 3imilarly, rat ad4p2 receptors exhibited a Kg
for cytosine of 2.7x10-10M, but a K; for curare of only
1.7x10=5y,13 Roughly similar properties were also exhibited by
the ad4f2 receptors from bovine and human brains, as shown in
Figures 36, 37 and Table 7.20
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Subunit

40kD ACh ﬁ‘w —49kD Structural

Binding Subunit ™~

Pigure 22. mAb 35 bipds to the acetylcholine-binding subunit of
Torpedo electric organ receptors, but to the structural subunit
of chicken brain receptors. Purified receptors were resolved
into their subunits by electrophoresis and the binding of mAb 35
determined by Western blotting, as described 1in Methods.
Reproduced from reference 37.
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Pigure 23. Antisera to a3 bind to receptors in chicken ciliary
ganglia, which are labeled by mAb 35, but not to receptors in
chicken brains, which are labeled by mAb 35. Extracts of ganglia
(0-——@) or brains (0-—-0) were Incubated with antisera to a unique
sequence of a3 expressed in bacteria. Then fixed Staph-A cells
were added to remove the antibodies and the receptors to which
they bound. _Receptors remaining in the extract were assayed for
binding of 125r-mab 35, as described in Methods. Reproducec from

reference 37.
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Figure 24. Nicotinic receptors in adult chicken brains are about
one-half of the a2p2 subtype and one-half of the a4p2 subtype.
This was determined by depletion of (DL)3H-nicotine binding sites
from detergent extracts of adult chicken brain by mAb 35 ( 0 )},
mAb 285 (which 1s specific for ad4) ( A ), and a combination of
mAbs 35 and 285 ( WM ). Aliquots (300 4l) of chicken brain
detergent extract (0.20 nM IH-nicotiane binding sites) were gently
shaken for 15 nours at 4°C with 20 ul of goat anti-rat IgG-

Serharose and increasing amounts of mAbs. The Sepnarose was
pelleted and the supernatant assayed for JH-nicotine binding
sites by filtraticn assay. Triplicate aliguots of 100 ul were
incubated for 1 hour at 4°C with 20 nM “H-nicotine and then

diluted with 4 ml of ice-cold 50 mM Tris, pH 7.4, and filtered
through Whatman GF/B filters presocaked in 0.3% polyethylenimine.
The filters were washed with 3x4 ml of the same buffer and bound
radioactivity was determined by scintillation counting.
Nonspecific binding was determined by incubation in the presence
of 1 mM nonradioactive nicotine, and has been subtracted. The
total (DL)“H=-nicotine binding sites (considered 100%) was
determined by incubation with goat anti-rat IgG-Sepharose alone,
and all values expressed relative to this. Reproduceu from
reference 19,
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Table 3. Properties of mAbs Raised Against Chicken Brain i
Nicotinic Acetylcholine Receptors .

Titer (UM) to Receptors from:

Ig %SI,—:—;:L?'?C = = = - - - - -B:.-l-n: -------- t Subunit
mAb Class Qrgan Chicken Rat Fetal Bovine Human Specificity
287 1gG2s ] ] 0 0 2 f2, a2
268 IgG1/2a e e e o e f2
278 1gG2a ] 1.19 8.18 ] ] p2
284 IgG2a ] 2.20 2 ] a4 9
285 IgG2a 0.014 1.48 2 2 as
286 IgM ] 5.64 8.45 ] 0.13 f2, as
287 Igu e e ] e p2
289 D IgM e ¢.18 a ] a4
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Figure 25. Resolution of nicotinic receptor subtypes from
chicken brains by immunoprecipitation with mAbs. Both receptor
subtypes were simultaniously affinity purified from chicken
brains using mAb 270-Sephirose. The purified receptor preparation
coataining both subtypes was radioicdinated. Aliquots of
3.5x106 cpm of the receptors were lincubated with mAb 270 to bind
both receptor subtypes, with mAb 35 to bind the a3p2 subtype and
with mAb 284 to bind the a2p2 subtype, or with normal rat serum
(2 pl) as a control, and gently shaken for 15 hours at 4°C in 100
sl of PBS, 0.5% Triton X-100 containing 5% (w/v) nonfat milk
powder with 20 ul of goat anti-rat IgG-Sepharose to precipitate
the immune complexes. The immunoprecipitates were washed with
4x1 ml of PBS, 0.5% Triton X-100 by pelleting in a microfuge and
resuspending. Then bound protein was eluted with 60 pl of 125 mM
Tris-HCl, pH 6.8, containing 2.3% (w/v) SDS, 10% (v/v) glycerol,
0.005% (w/v) bromophenol blue. Samples were made 5% (v/v) in p-
mercaptoethanol. The subunits in the receptor subtypes bound by
each mAb were resolved by electrophoresis on 10% acrylamide gels
in SDS; the gel was dried and autoradiographed. Reproduted from
reference 19.
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Table 4. Properties of mAbs Raised Against Rat Brain
Nicotinic Receptors

mADb

Cross-Rsaction
Titer With Brain Receptors of Subunit Specificity
to Receptors
From Rat Brain Chicken Cattle Humans Western Blot By Other

(aM) Criteria
290 26.9 + + + ? f2 structural
291 1.1 + - - ? f2 structural
292 9.4 - - - a4 ACh binding
293 4.4 + - * a4 ACh binding
294 1.5 - - - ?
295 0.5 + + + ? p2 structural
297 1.0 + + + ? f2 structural
298 0.7 + + + ? p2 structural
299 31.2 + - + a4 ACh binding a4 ACh binding
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Pigure 27. Fluorogram of SDS-PAGE of nicotinic receptors from
;orgedo electric organ, chicken brain, and rat brain labeled with
H-MBTA. Labeling procedures and SDS-PAGE were carried out as
described in Methods. Apparent molecular weights were determined
by resolving molecular weight standards (BioRad) on the same gel
and gtaining for protein with Coomassie blue. By specific
affinity labeling, the higher molecular weight a2 or a4 subunits
of the neuronal receptors are shown to form the acaetylcholine
binding site which, in receptor from electric organ, i3 formed
from the lowest molecular weight a subunit. Reproduced from
reference 1l6.
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Pigqure 28. Comparison of fp2 structural subunit (A) and a4
acetylcholine-binding subunit (B) sequences of neuronal nicotinic
receptors from chickens and rats.
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Pigqure 29. Comparison of the deduced amino acid sequences of
chicken noutona§ receptor subunits. Sequences of al and a2 are
from Nef ot al.’l Sequences of a3 and a4 were determined from
clones described here, bnt are identical to those reported by Nef
et al.’l The sequence of the structural subunit reported here3

is identical to the sequence termed “non-a“ by Nef et al.?1 and
ig clearly homologous to the rat seaquence termed p2 by Deneris et
al.?9 Blackened residues are identical in all sequences. Shaded
sequences indicate sgequences expressed in bacteria to obtain

antigens for subunit-specific sera. = ¢ * jndicate putative N-
glycosylation sites. "ACh" Indicates the cysteine pair loqated
near the acetylcholine binding gite. “Ml1-M4" indicate

hydrophobic sequences thought to be transmembrane domains.
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Table 5. Properties of mAbs to a Bacterially Expressed Putative
Large Cytoplasmic Domain Fragment of Chicken a3 Acetylcholine-
Binding Subunits

mAb

313
314
315

316
317

immunoglobulin

subclass

I8G2a
IgG2a
1gG2a

3

binding specificity

native a3 AChR and denatured a3 peptide

”

only denatured a3 peptide
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Figure 31. More than one copy of the
structural subunit and more than one —

copy of the acetylcholine-binding A.
subunit are present in each chicken
neuronal nicotinic receptor macro-
molecule. (A) Diagrammatic represen-
tation of bindin assay showing that 731 iapeiea mAD
binding of an 1251-labeled mAb to a
receptor immobilized by another mAb
of the same specificity indicates

that at least two copies of the wi B

subunit type recognized by this mAb 1

must be present_ _in the receptor. ]

(B) Binding of 1231-mAb 35 (specific aﬁgﬁzjjij‘ﬁi:::::
b

- NAUrONa! reCeptor

INMOBHIZEd MAD

Seoharose Besd

mAb 35

for the fp2 structural subunit) to
receptor Immobilized upon __mAb
35-Sepharose. (C) Binding of 123r-
mAb 270 (also specific for the p2
structural subunit) to receptor
immobilized upon_ mAb 270-Sepharose.
(D) Binding of 1251-mAb 285 (specific
for the a4 acetylcholine-binding
subunit) to receptor immobilized upon
mAb 285-Sepharose. Chicken brain 7
detergent extract (200 ul) was gently

D
shaken for 15 hours at 4°C with 15 pl d
of a 1:1 slurry of mAb 35-Sepharose, 04
mAb 270-Sepharose, and mAb . —

285-Sepharose. The aliquots were ° 0
washed with 1 ml PBS, 0.5% Triton X- (%% mAb (M)
100 and then incubated for 1 hour at

22°C in 100 ul PBS, 0.5% Triton X-100

containing 1increasing concentrations of 125r_labeled mAb 35
(2.2x1018 cpm/mol), mAb 270 (0.94 x 1018 cpm/mol) and mAb 285
(3.9x1048 cpm/mol), radiolabeled by a modified chloramine-T
method. Parallel incubations were carried out in which aliqucts
were preincubated for 30 minutes with excess nonradiocactive mAb
(final concentrations: 6 pM_mAb 35, 0.25 uM mAb 270, and 0.28 uM
mAb 285 before addition of 1251-labeled mAb). The aliquots were
washed with 4x1 ml PBS and 0.5% Triton X-100 by pelleting in a
microfuge and resuspending, ~nd bound radiocactivity was deter-
mined by 9 counting. Data points are the mean of triplicate
incubations. _Specific binding ([} is the difference between
binding of 125r-mAb in the absence of competing nonradioactive
mAb ( 8 ) and the binding in the presence of competing nonradio-
active mAb ( o ). Reproduced from reference 139.

2% mAb Bound, {cpm x 10°3)
mAb 270
5 8 3
( 2

mADb 285
]
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Torpedo Chicken Rat Bovine
electric organ brain brain brain

FPigure 32. Ratio of subunits in Torpedo electric organ nicotinic
receptors and receptors from brains of chickens, rats, and cattle
determined b¥ labeling with 1251 and determining the relative
amount of 251 in each subunit. Purified receptors were
denatured in a mixture of 4 M urea and 1% SDS to make all of its
tgrosines equally accessible to labeling. After labeling with
1251 the subunits were separated by electrophoresis on
acrylamide gels in SDS, located by brief contact autoradiography,
and then the subunit bands were cut out of the gel and
quantitated by gamma counting. The tyrosine content of each
subunit known from the cDNA sequence was used to correct slightly
for the difference in tyrosine content in each subunit, and then
the relative amounts of the subunits were compared. This method
yields the expected stoichiometry for receptor from Torpedo,
app16. Further, it shows that in neuronal nicotinic receptors
from chicken, rats, and cattle, there are equal numbers of
acetylcholine-binding and structural subunits.
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Neuronal AChR

Pigure 34. Nicotinic receptor subunit organization.
Diagrammatic end-on views of subunits around the cation channel
are shown. The interlocking contacts between each subunit depict
conserved (probably hydrophobic) interfaces through which the
subunits might assemble to form the channel. Reproduced from
reference 1. '
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Pigure 36. Affinity labeling of nicotine receptors from bovine
brain (2) and human brain (B) with bromoacetylcholine ( O ) and
MBTA (A ).

Brecmoacetylcholine was 103-fold more effective. Receptors in
Triton X-]00 extracts were immobilized on mAb 290 coupled to goat
anti-rat IgG-Sepharose, reduced with 1 mM dithiothreitol, then
labeled with BAC or MBTA. Following re-oxidation with 0.1 mM
dithiobis (2-nitrobenzoic acid), binding of 10 nM 3H-nicotine was
assayed. Reproduced from raference 20.
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Pigure 37. Binding of 3H-nicotine to receptors from bovine brain
(A) and human brain (B). Receptors in Triton X-100 extracts
were immobilized on mAb 290 coupled to goat anti-rat IgG-
Sepharose. Reproduced from reference 20.
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Table 6. Inhibition of (DL)-3H-Nicotine Binding to Chicken
Brain Receptor Subtypes by Cholinergic Ligands*

K1 (M)
mAb 285-Sepha-

mAb 35-Sepharose- rose-immobilized

immobilized recep- receptor (a4p2
Ligand tor (a2q92 subtype) subtype)
L-Nicotine 1.1 x 10-9 1.6 x 10-9
Cytosine 1.1 x 10-9 1.4 x 10-9
Carbachol 8.4 x 10-8 1.4 x 10-7
Decamethonium 8.7 x 10-6 3.0 x 10-6
Curare 1.1 x 10-3 3.7 x 10-6
Hexamethonium >10-3 >10-3
Mecamylamine >10=3 >10~3
aBgt >10-6 >10-6
Atropine >10-3 >10-3

* Reproduced from reference 19.

Table 7. Inhibition of (DL)3H+~Nicotine Binding to
Bovine and Human Brain Nicotinic Receptors*

K1 (M)

Ligand Bovine Brain Human Brain
Cytosine 4.2 x 10-9 1.1 x 10-9
(L)Nicotine 1.6 x 10-8 6.5 x 10-9
Acetylcholine 4.3 x 10-8 2.7 x 10-9
Carbachol 2.1 x 107 4.1 x 1077
Curare 1.9 x 10-3 4.7 x 10=3
a-Bungarotoxin >10-6 >10-6
Mecamylamine No deta >10-3
Hexamethonium No data >10-3

* Reproduced from reference 20.
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Histological lLocalizaticon of Receptors

The nicotinic__receptors in rat brain were histochemically
localized using 1251-labeled mAb 270 (Figures 38-42).76 mab 270
recognizes structural subunits common to several receptor
subtypes,l9 but in rat brains most of the receptors are of the
a4 p2 subtype.'4,17,35 Figures 38 and 39 present an overview of
the labeling pattern. The pattern was very similar to that
previously reported by Clarke et al.41 using 3H-nicotine and very
different from the distribution of a-bungarotoxin binding sites.
We confirmed the localization of a-bungarotoxin binding sites
reported by Clarke et al.4l Pigure 40 gives an example of the
different locations of binding sites for mAb 270 and a-
bungarotoxin. It is especially interesting that many nicotinic
receptors were found in presynaptic locations, for example, on
dorsal root ganglion cells, on central projections of retinal
ganglion cells, and on the projection of cells of the medial
habenular nucleus to the interpeduncular nucleus (Figures 39-41).
Removal of an eye eliminated the otherwise intense labeling of
the contralateral superior colliculus, clearly demonstrating that
these receptors were transported along retinal ganglion cell
axons to the superior colliculus (Fiqure 40). The observation
that many_brain nicotinic receptors are apparently in presynaptic
locations’6,77 iag consistent with the idea that these receptors
may be involved in modulating the release of other
transmitters.’8 :

Nicotinic receptors were localized autoradiographically in
zebra finch brains?l in a collaborative study with Dr. Thomas
Podleski and coworkers at Cornell University, for which we
provided the labeled reagents 1251-g-bungarotoxin, 125I-mab 270,
and 1251-mAb 35. These agents were localized throughout brains
in substantial detail wusing frozen sections of unfixed tissue
(FPigure 43). mAbs 35 and 270 b~th bind to structural subunits,
but in chickens mAb 35 binds only to native a2f2 and a3p2
subtypes, whereas mAb 270 also binds to e4p2 subtypes. The
binding pattern for mAb 270 and mAb 35 in finch brains was _very
similar, as expected, though not quite identical. 1251-q-
bungarotoxin showed an overlapping but distinct pattern of
binding, as expected.

Nicotinic receptors were localized by indirect immunofluores-
cence and indirect immunoperoxidase labeling of chicken retinas
with mAbs 210 and 270.22 This is a collaborative study with Drs.
Kent Keyser and Harvey Karten at the University of California,
San Diego. Formalin-firved tissue was used to permit cell-level
resolution, but fixation may alter receptor antigenicity.
mAb 270 recognizes the structural subunits of a2p2, a3p2, and
a4p2 receptor subtypes. mAb 210 binds strongly only to a2p2 and
a3p2 brain receptor subtypes. Figqure 35 shows that retina
contains a great deal of structural subunit mRNAs and more a3-
than a4-type acetylcholine-binding subunit mRNA. mAb 210 and
mAb 270 gave similar labeling patterns in retina, but mAb 210 was

more effective. Pigqures 44-46 illustrate labeling of retinas
with mAb 210. A nearly identical labeling pattern can be
75




obtained with mAb 315 to a3 subunits, as shown in Figure 48,
suggesting that most of the receptors in retina localized by mAb
210 are of the a3f2 subtype.

mAbs 210, 270, and 315 labeled cells in the inner nuclear
layer and ganglion cell layer of chicken retinas, including
ganglion cells, displaced ganglion cells, and amacrine cells.
Approximately 12-18% of ganglion cells were labeled. The retina
provides a small, relatively accessible, and well-characterized
piece of central nervous tissue in which we can begin to work out
the techniques and data necessary to understand the functional
roles of nicotinic receptor subtypes. This will ultimately
involve differentially 1localizing receptor subtypes at high
resolution, localizing both the proteins and the mRNAs which code
them (as in Pigures 47 and 48), and localizing the receptors with
respect to other cells, such as those which release acetylcholine
(as in Figure 46).

Nicotinic receptors were immunolocalized _in frog brains at
both the light and electron microscopic level?3 in collaborative
experiments with Dr. Peter Sargent of the Univ rsity of
California, Riverside. Previously, our library of mAbs to
receptors from electric oraans waere tested for ability to hind to
receptors in frog muscle.? A subset of 28 of these mAps was
recently found to bind to the optic tectum of Rana pipiens.23
Most of these were directed against the main immunogenic region.
Of these, mAb 22 was used most extensively. This mAb labeled a
subset of retinotectal projections (Figure 49). In frogs it is
unknown what receptor subtype or subtypes are being detected.
Since they are detected by mAbs to the main immunogenic region,
the mAbs may be binding to structural subunits, perhaps in a2p2
or a3p2 subtypes. Electron microscopy revealed that labeling was
associated with extrasgnaptic regions (Figure 50). As in
goldfish,’9 chickens,22:,76 "and rats,’® removal of one retina
resulted in the 1loss of immunoreactivity in the contralateral
tectum (FPigure 51). Labeling was found in the optic tract and
associated with retinal ganglion cells. Thus, in all species
examined, nicotinic receptors on central processes of retinal
ganglion cells are a prominent feature.
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r3guro 38. Photomicrographs illustrating the distribution of
1251-mAb 270 binding sites in two horizontal sections through the
rat brain and spinal cord. OBip - olfactory bulb inner plexiform
layer, CP - caudoputamen, TS =~ trianqular nucleus of the septum,
HIP - hippocampus and dentate gyrus, MH - medial habenula, THAL -
thalamus, PRT - pretectal region, SC - superior colliculus, SUB -
subiculum, PRE - presubiculum, CER - cerebellar granular layer,
DH - spinal cord dorsal horn. Reproduced from reference 15.
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Pigure 39. The distributior or 1251.»ab 270 immunolabeling in a
rostrocaudal (A-P) series of sections through the rat CNS.
Virtually no labeling was observed when the sections were coincu-
bated in 40 nM unlabeled mAb 270. Adjacent Nissl-stained
sections were used to identify labeled structures. X1.8.
Abbreviations of immunolabeled regions: AD, anterodorsal nucleus
(n.); AHZ, amygdalohippocampal area (a.); AL, anterior limbic a.;
AM, anteromedial n.; AME, n. ambiquus; AON, anterior olfactory
n.; AP, a. postrema; AV, antercoventral n.; BLA(p), basolateral n.
amygdala (posterior); BST, bed n. stria terminalis; CAlm-CA3am,
molecular layer of Ammon’s horn fields; CM, central medial n.;
CoA(p), cortical n. amygdala (posterior); CP, caudoputamen; DC,
dorsal cochlear n.; DGm, dentate gyrus molecular layer; DMX,
dorsal motor n. vagqus; DRG, dorsal root ganglion; DTN, dorsal
tegmental n.; EC, external cuneate n.; ENT, entorhinal a.; EP,
endopiriform n.; FP, frontal pole; GV, trigeminal ganglion; IC,
inferior colliculus; IO, inferior olive; IPN, interpeduncular n.;
LA, lateral n. amygdala; LD, lateral dorsal n.; LGd,v, dorsal,
ventral lateral geniculate n.; LP, lateral posterior n.; MD,
mediodorsal n.; MG, medial geniculate n.; MH, medial habenula;
MoV, motor n. trigeminal; MR, median raphe; MV, medial vestibular
n.; MZ, marginal zone; NC, cuneiform n.; NG, gracile n.; NLOT, n.
lateral olfactory tract; NOT, n. optic tract; NTS, n. solitary
tract; oP, olivary pretectal n.; OT, olfactory tubercle; PAG,
periaqueductal gray; PAR, parasubiculum; PB, parabranchial n.;
PF, parafascicular n.; PG, pontine gray; PHA, posterior
hypothalamic a.; PIN, pineal; PIR, piriform cortex; PO, posterior
complex; PPN, pedunculopontine n.; PRE, presubiculum; PSV,
sensory n. trigeminal; PT, parataenial n.; PVTa, paraventricular
n. thalamus (anterior); Re, n. reuniens; RFP, rhinal fissure; RSP,
retrosplenial a.; RT, reticular n.; SC, superior colliculus; SG,
substantia gelatirnosa; SI, substantia Iinnominata; SNc, compact
part, substantia nigra; SpV, spinal n. trigeminal; SUB(m),’
subiculum (molecular layer); TRN, tegmental reticular n.; TS,
triangular n. septum; VA, ventral anterior n.; VH, ventral horn;
VM, ventromedial n. thalamus; VP(p), ventral posterior n.
(parvicellular); VTA, ventral tegmental a.; VTN, ventral
tegmental n.; 2I, zona incerta; ch, optic chiasm; fr, fasciculus
retroflexus; gl, granular layer cerebellum; cn, optic nerve; ot,
optic tract. Reproduced from reference 76.
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Figure 39. The distribution of 1251-maAb 270 immunolabeling in a
rostrocaudal (A-P) series of sections through the rat CNS.
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Figure 40. Effect of left enucleation 3 weeks nefore sacrifice
on 1251-mab 270 immunolabeling (top) and 125I-a-bungarotoxin
binding (bottom) in adjaceat sections of the rat superior
colliculus (SC). Note disappearance of mAb 270 labeling in the
contralateral SC (SCc), and dense labeling in the ipsilateral SC
(5Ci) of this slightly asymmetrically _cut section. X5. Inset:
Dark-field photomicrograph (left) of 125r-mAb 270 immunolabeling
in the ganglion cell layer (g) and inner plexiform layer (ip) of
the rat retina. Labeling is particularly dense in the deep part
of the ip. Apparent labeling 1in the outer nuclear layer (on) is
artifactual, due to cracks  Dbetween densely packed cells.
Brightfield view (right) of Nissl stain. in, inner nuciear
layer; op, outer plexiform layer. X75. Reproduced from
reference 76.
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Figqure 41. Photomicrographs showing the indirect immunofluo-
rescence localization of mAb 270 (A,B,D) and mAb 290 (C) In the
mouse brain. (A) Dorsal (top) and ventral (bottom) lateral
geniculate nucleus; compare with Figure 39. (B) Olivary
pretectal nucleus; compare with Figure 39F. (C) Right medial
terminal nucleus; compare with Figure 39G. (D) Medial habenula
with unlabeled lateral habenula and stria medullaris to the left;
compare with Figure 39D,E. Because the fasciculus retroflexus
and interpeduncular nucleus were clearly labeled (Figure 39E-I)
it appears likely that neuronal acetylcholine receptor 1is
synthesized iIn medial habenular =:cells and undergoes axonal
transport to the Interpeduncular nucleus. Indirect
immunofluorescence was only successful in the mouse, probably
because the primary mAbs were raised in rats where background
staining was high, and was not sensitive enough to reveal areas
moderately or lightly labeled with 123 mAbs, such as the
cerebral cortex. All micrographs  X75. Reproduced from
reference 76.
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Figure 42. Dark-field photomicrographs of 125r_mab 270
immunolabeling in the lateral geniculate nucleus on the side
ipsilateral (A) and contralateral (B) to enucleation in the rat
illustrated in Figure 40; comparable to level F in Figure 39.
X30. (C) Dark-field photomicrograph of 129r-mab 270
immunolabeled ganglion cells in the trigeminal ganglion (see
Figqure 39E-G). (D) Nissl-stained section adjacent to C. C,D
X100. Reproduced from reference 76.
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Structure
nucleus accumbens
nucleus basalis
nucleus cerebelli intermedium
nucleus cerebelli medialis
nucleus cuneatus externus
ectostriatum
fasciculus prosencephali lateralis
substantia grisea centralis
nucleus geniculatus lateralis, pars ventralis
hyperstnatum accessonum
hyperstriatum dorsalis
nucleus habenula medialis
hippocampus
hyperstriatum ventralis
nucleus hyperstriatum ventralis, pars caudalis
nucleus intercollicularis
nucleus isthmi, pars magnocellularis
nucleus isthmi, pars parvocellularis
nucleus laminans
nucleus lentiformis mesencephali
locus ceruleus
lobus parolfactorius
nucleus magnoceliularnis, anterior neostriatum
nucleus mesencephalicus lateralis, pars dorsalis
(peripheral shell)
(core region)
nucleus motorius rervi trigemini
neostriatum
nucleus nervi trochlearis
nucleus nervi abducens
nucleus nervi facialis
nucleus motorius dorsalis nervi vagi
nucleus nervi hypoglossi
nucleus olivaris inferior
nucleus nervi occulomotorii
tractus occipitomesencephalicus
paleostriatum augmentatum
nucleus pontis lateralis
nucleus pontis medialis
nucleus medialis hypothalami posterioris
nucleus preopticus medialis
nucleus pretectalis
periv-atricular organ
nucleus robustus archistriatalis
nucleus reticularis gigantocellularis
nucleus reticularis fateralis
nucleus reticularis pontis caudalis
nucleus reticularis parvocellularis
nucleus rotundus
nucleus tractus solitarii
nucleus semilunans
nucleus septalis medialis
nucleus subpretectalis
nucleus superficialis parvocellularis
nucleus spiniformus lateralis
torus semcirculans
tectum opticum:
striatum opticum
stratum gnseum & f{ibrosum suoerficialis
stratum griseum centrgle
stratum album centralis
substantia grisea et fibrosa periventricularis
tractus opticus
nucleus et tractus descendens nervi tricemini
nucleus vestibularis dorsolateralis
nucleus vestibularis latetalis
nucleus vestibularis medialis

Figure 43. Summary of the pattern of nicotinic ligand labeling
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in the Zchra finch brain. Reproduced from reference 21.
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Fiqure 44. Photomicrographs and a drawing of cross sections of
mAb 210-labeled retinas. The top panel (a) illustrates the
distribution of immunoreactivity in a 10-gm-thick transverse
section labeled with a fluorescein-conjugated secondary
antiserum. Labeled somata visible in both the ianer nuclear
layer (INL) and ganglion cell layer (GCL) gave rise to processes
that arborized in two distinct laminae of the inner plexiform
layer (IPL). The middle panel (b) illustrates similar features
in an avidin-biotin-horseradish-peroxidase-reacted, 20-pm-thick
section. Note, however, the large cell visible in the INL. The
lower panel (c) is a camera lucida drawing of a section processed
as in panel (b). This 1illustrates that dendrites could be
~ followed from the labeled somata (stippled) in the INL and GCL
into two laminae of the IPL. The processes often extended beyond
the more proximal band of labeling and terminated in the more
distal one. Scale bar = 50 pm in (a); 50 um in (b); 30 pm in
(c). Reproduced from reference 22.
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FPigure 45, Photomicrographs illustrating a class of large
mAb 210-labeled cells in the Inner Nuclear Layer. In (a), a
cross section, a large labeled soma is visible in the inner INL
(arrow) and its processes enter the outermost band of

immunoreactivity in the IPL. The lower panel (b) illustrates
four of these cells in & 30-pm-thick horizontal section. Note
the extensive, overlapping dendritic fields. Scale bar = 50 um

in (a); 50 um in (b). Reproduced from reference 22.

87






Figure 46. Fluorescence micrographs of a transverse section of
retina illustrating the distribution of mAb 210-positive cells
and processes and the corresponding pattern of choline-
acetyltransferase (ChAT) immunoreactivity in the same section.
These panels illustrate that the patterns of immunoreactivity in
the [NL, IPL, and GCL were similar (a,b) but that the ChAT~-
positive cells were smaller and more numerous than receptor-
positive celle. Panels (c,d) are contiguous portions of the same
section placed side by side to illustrate that the arborization
patterns of the two cell types were in register. However, the
band of mAb 210-positive Immunoreactivity in lamina 2 extended
inward more than did the corresponding ChAT-positive band. Scale
bar = 50 um for (a) and (b); 50 pm for (c) and (d). Reproduced
from reference 22.
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A. in situ hybridization B. monoclonal antibody

Pigure 47. Localization of the structural subunit in chicken
retina. (A} mRNA for the structural -~ubunit is localized using
an 35s-laieled anti-sense RNA probe corresponding to the putative
cytoplasmic locp (amino acids 306 to 410) of the structural
subunit. (ell bodies in the GCL are labeled, as are cells in the
INL, whereas dJendritic processes in the IPL are not heavily

labeled. The pigment layer produces an intense artifactnal
birefringent double layer  at the top of this darkfield
micrograph. A control sense CcRNA probe gave uniform low

background labeling. The scale btar 1is 40 ux. (B) Structural
subunit protein is localized by indirect immunofluorescence using
mAb 270. The subunit protein is localized in the cell bodies of
ganglion cells and displaced ganglion cells, as well as in the
dendritic and axonal processes of these cells, and some others,
located in the inner and outer plexiform layers. The pigment
layer at the top appears dark in this fluorescence micrograph.
The sections in A and B are from different parts of the retina
and differ ir sizes. Reproduced from reference 36.
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Figure 48. Detection of nicotinic receptor subunits in chicken
retina. In the upper right of each panel is a cross-section of
retina, in all cases at the same magnification. “INL" indicates
te inner nuclear layer. “IPL*" indicates the inner plexiform
layer., "GCL" indicates the ganglion cell layer. In the lower
two halves of each panel are horizontal sections through the INL
(on the left) and the GCL (on the right), all at the same magnif=-
ication. Bound antibodies are visualized using biotinylated goat
anti-rat IgG and avidin-labeled peroxidase.

91




Pigure 49. Immunoperoxidase staining of the optic tectum using
anti-receptor mAb 22. (A) Low-power, bright-field photomicrograph
of a 100 um Vibratome section rom the midbrain of Rana pipiens.

Peroxidase staining is found within the superficial parts of the
tectum and extends to the lateral optic tracts (arrcws). Density
at the base of the tectum (between the 2 arrows) represents
cobalt staining of myelin tracts and not horseradish peroxidase
reaction product. (B) and (C) Higher-power differential
interferencs contrast (Nomarski) photomicrographs after
incubatiag Vibratome sections with the control mAb 32 (B) and the
cross-reactive mAb 22 (C) and visualizing mAb binding using the
avidin biotinylated-horseradish peroxidase technique. Strong
staining is observed after using mAb 22, but not mAb 32 (density
at bottom of slices is shadowing due to Nomarski optics). The
vertically oriented set of numbers between (B} and (C) refer to
the layers of the tectum, extending from the ventricular surface
(layer 1) to the pia (layer 9). (D) Banding pattern of stain
within the neuropil at high magnification (bright-field optics).
The entire field in (D) corresponds to layer 9. Distinct bands
of stain are visible. Scale bar (in A): 1 mm in (A), 150 um in
(B,C) and 60 pm in (D). Reproduced frcm reference 23.
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Figure 50. Electron micrographs of the optic neuropil showing
extrasynaptic location of receptor-like immunoreactivity. (A)
and (B) shorw two fields taken from the neuropil. Peroxidase
stain obtained using mAb 22 and the avidin-biotin techniquo
(arrows) is associated with membranes but not with either the
pre- or the postsynaptic membrane at synapses (open arrowheads).
Reprcduced from reference 23.
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Pigure 51. Loss of immunoreactivity followiag removal of the
retina. (A) Removal of one retina results in partial loss of
mAb 22 binding in the contralateral tectum 30 days after surgery.
The residual staining is located in bands corresponding to
projection layers “a,* “"¢," and "e." Staining associated with
layer "c* (delineated by the arrows) is most obvious, while that
associated with layers "a" and "e" are most evident near the
lateral optic tract. Projection layers "a," "c," and "e," which
are unmyelinated, survive for long periods after eye enucleation.
(B) Removal of the retina 6 months prior to staining resulted in
a complete loss of immunoreactivity. Staining at the base of the
tectum on both normal and operated sides (see arrowheads in A)
corregponds to cobalt staining of myelinated tracts and not to
horseradish peroxidase reaction product. Scale bar (in A):
l mm. Reproduced from refarence 23.
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Neuronal e-Bungarotoxin-Binding Proteins

The subunit structures of neuronal a-bungarotoxin-binding
proteins are not wall established. Conti-Tronconi and coworkers
were able tc obtain 1limited N-terminal amino acid sequence data
from only one subunit of protein affinity purified from chicken
brains using a—bungarotoxin.30 This sequence exhibited
similarities to nicotinic receptor sequences, and this data,
along with the pharmacological properties of this protein for
binding a-bungarotoxin, MBTA, and small cholinergic 1ligands
suggested that these proteins are members of the nicotinic
receptor gene family.

Using as a probe a synthetic oligonucleotide whose sequence
correspondecd to the reported N-terminzal amino acid sequence, a
cDNA library from chicken brains was screencd. This identified a
cDNA encoding a virtually identical sequence for what was termed
al subunits of neuronal a-bungarotoxin-binding protein, as shown
in Fiqure 52. The cDNA was termed a because it seemed likeliy
that it encoded an acetylcholine-binding subunit, eince the
deduced sequence of the subunit included a cysteine pair
homologous to the cysteine pair at 192,193 of muscle and
neuronal nicotinic receptor acetylcholire-binding subunits
(termed a) vhich react with MBTA. The cDNA initially identified
(pCh29-3) was incomplete. As summarized in Figure 53, this
partial clone was used to rescreen the library, resulting in the
identification of a ¢cDNA (pCh31-1) encoding the complete sequence
of the clusely related neuronal e-bungarotoxin-binding subunit
termed a2. This complete sequence was then used to identify a
cDNA clone (pCh34-1) which encoeded the remainder of the al
subunit. To prove ilhat the two partial cDNAs for the al subunit
of the neuronal a-bungarotoxir-binding protein were actually
fragments of an nRNA cleaved during cloning at an EcoRI
restriction enzyme site, the polymerase chain reaction (PCR)

technique was used. Oligonucleotides derived from each of the
partial clones were used to prime a PCR reaction on a fresh brain
CcDNA preparation. This yielded an amplified sequence which

overlapped the EcoRI cleavage site, and thereby proved that cDNA
clones pCh29-3 and pCh34-1 encode parts of the sequence of a
single subunit.

The sequences of al and a2 subunits of neuronal a-
bungarotoxin-binding pcoteins from chicksn brain are shown in
rigures 54 and 55, and these sequences are compared with the
sequences of acetylcholine-binding subunits of chicken nicotinic
receptors in Figure 56. The sequences of the a-bungarotoxin-
binding proteins clearly raveal that these subunits are members
of the nicoctinic rereptor gene family. Although their degree of
sequence identity with other mambers of this family is rather
limited, there is neting in the sequences of the putative
transmembrane channe. forming domains M1 and M2 to suggest that
these subunits couid not be componenta of a ligand-gated cation

channel.
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c¢DNA aBgtBP a1 GEFORKLYKELLKNYNPLERPVAND.
protein XEFETKLYKELLKNYNPLEXPVAXD
cDNA aBgtBP a2 GESQRRLYRDLLRNYNRLERPVMND.
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Figure 52. Comparison between a sequence encoded by a cDNA for
al subunits of neuronal a-bungarotoxin-binding protein and the N-
terminal protein sequence reported O for a subunit of a neuronal
a-bungarotoxin-binding protein from chicken brain. Also shown is
the similar, but less homologous, sequence encoded by a cDNA for
the closely related a2 subunit of a-bungarotoxin-binding protein.

aBgtBP a1 subunit

EcoR1 site
i ]
deduced sequence pCh29/34
cione pCh2g-3 '
" clone pCha4-1 '
b—i
PCR-derived sequence
aBgtBP a2 subunit
1 |
‘ clone pCh31-1 '
Pigure 53. Summary of the cDNA clones used to define the

gequences of the al and a2 subunits of neuronal a-bungarotoxin-
binding proteins.
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The cDNA and deduced protein sequence for a2 subunits

of neurornial a-bungarotoxin-binding subunits from chicken brains.

Figure 55.
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The cDNAs for the al and a2 subunits were proven to encode
subunits of neuronal a-bungarotoxin-binding protein by
demonstrating that antibodies raised to bacterially expressed
unique sequences of these cDNAs bound to authentic neuronal a-
bungarotoxin-binding proteins extracted from chicken brains, as
shown in Figure 57. mAb 306 was prepared against affinity-
purified a-bungarotoxin-binding protein. It binds all detectable
a-bungarotoxin-binding protein in extracts, but its subunit
specificity is unknown, since it binds only to the native
protein. Antisera to a bacterially expressed al peptide (Ch31-6)
corresponding to the large putative cytoplasmic domain of the al
subunit (see Figure 56) bound a maximum of about 75% of the a-
bungarotoxin-binding protein, as shown in Figure 57. This
demonstrates that this subunit is a component of authentic a-
bungarotoxin-binding protein, and suggests that it is a component
of a major subtype. mAb 308 to a bacterially expressed peptide
(Ch34-2) for the corresponding large putative cytoplasmic domain
from 22 binds to a maximum of less than 20% of the a-
bungarotoxin-binding protein. This indicates that this subunit
is also a component of authentic a-bungarotoxin-binding protein,
and suggests that it may perhaps encode a subunit of a minor
subtype.

Thus, for the first time, subunit cDNA and corresponding
antibody probes are available for neuronal a-bungarotoxin-binding
proteins, they prove that the protein is a member of the ligand-
gated ion channel gene superfamily, and they suggest that there
may be subtypes of this protein comparable to theose observed with

neuronal nicotini¢ receptors. The sequence data appears
consistent with the idea that these subunits could be components
of a ligand-gated cation channel. However, there is evidence

that these proteins do not function as acetylcholine-gated cation
channels.39,40 rhe presence of a cysteine pair characteristic of
acetylcholine~binding subunits of receptors suggests that these
could be the subunits that bind cholinergic ligands. However,
the endogenous ligand, if any, is unknown. It has been suggested
that the endogenous ligand may be the thymic peptide thymopoietin
acting as a hormone of some sort.81 Clearly, there is much to be
learned from the studies which can be done with the tools now
available.
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Pigure 57. Aatibodies to bacterially expressed unique sequences
from cDNAs for al and a2 subunits bind to authentic a-
bungarotoxin~binding protgin from chicken brain.
Immunoprecipitation of l ~-a-bungarotoxin-labeled bindinr~
protein from Triton X-100 extracts of brain 1is shown. The
antiserum is to the a-bungarotoxin-binding protein al subunit
peptide Ch31-6, which encodes the large putative cytoplasmic
domain shown on Figure 56. mAb 308 1is to the corresponding
peptide Ch34-2 from the a2 subunit.
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METHODS

Muscle-Type Nicotinic Receptors

Tcrpedo Acetylcholine Receptors

Tubular Crystals of Receptor-Rich Membrane. Crystalline
vesicles of tubular morphology (tubes) were prepared from freshly
killed and dissected Torpedo marmorata (Marine Station, Arcachon,
France), essentially as describedi?? except for the addition of
1 mM N-ethylmaleimide to the isolation buffer and substitution of
100 mM sodium cacodylate, pH 6.8, and protease inhibitors
(0.3 pg/ml leupeptin and 1 xg/ml pepstatin) for Tris-HCl in the
final solutions. 1In the best preparations, at least 10% of the
receptor-rich vesicles developed into tubes after incubating at
179C over a period of %4 weeks.

Receptor was purified from these preparations and from the
fresh olectric organ by affinity chromatoegraphy on toxin-
agarose.82 fThe purified material was denatured in 2% SDS in the
presence and absence of 2% f-mercaptoethanol, and subjected to
SDS-PAGE. The samples on the gels were either stained with
Cocmassie blue or electrotransferred to nitrocellulose or
diazophenylthioether (DPT) paper.33

WGA labeling of the subunits was by the method of Nomoto et
al.83 The nitrocellulose sheet was quenched by three (10-min)
washes in 100 mM NaCl, 10 mM sodium phosphate, pH 7.5 (phosphate-
buffered saline (PBS)), containing 0.1% Tween 20 (quench buffer).
The nitrocellulose sheet was incubated (1 hour at room
temperature) with WGA-biotin (5 ug/ml) %n the quench buffer using
a volume of approximately 8 ml/100 cm# nitrocellulose, ard then
washed for three (10-min) periods in quench buffer. Avidin-
peroxidase (5 pag/ml) in ench buffer was added to the
nitrocellulose sheet (volume %8 ml/100 cm<) and incubated for 1
hour at room temperature. The nitrocellulose was washed for 30
min with several changes of PBS. The peroxidase substrate was
freshly prepared and consisted of {a) 30 mg of a-chloronapthol in
10 ml of cold methanol and () 30 sl of 30% H209 in 50 ml cold
PBS. Parts (a) and (b) were mixed and added immediately to the
nitrocellulose sheet. Development was stopped by pouring off the
substrate and rinsing the sheat in PBS. WGA  binding was
identified by the appearance of a dark-purple band.

Antibody labeling of receptors, following SDS-PAGE and
electrotranstet to nitrocellulose (or DPT paper), was as
described.53 One ml of mAb 111 (10 nM in quench buffer) was
added to a strip of nitrocellulose (or DPT paper) and incubated
for 2 hours. After a final waeshing, the Rapcr strips were then
autoradiographed for & hours on proflauhoda Kodak XAR film.

Samples in S5-pl aliquots were applied to freshly gliow-
discharged carbon support grids, washed with ~1 mg/ml cytochrome
¢ and negatively stained with 2% sodium phosphotungstate, pH 7.2.
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Antisera were raised in rats against bcth native receptor and
a subunits as previously Jdescribed. Antisera were assayed by
incubation overnight with 125I-g-bungarotoxin-labeled receptor (1
nM} or 1251-labeled a subunit in 100 sl of 10 mM sodium phosphate
(pd 7.5)/100 mM NaCl/0.5% Triton X-1006/19 mM NaN3 buffer. Immune
complexes were precipitated with 100 sl of goat anti-rat
immunoglobulin, diluted with 1 ml of buffer, aud centrifuged.
Precipitates were washed with 2 x 1 ml of buffer ard counted for
radiocactivity, as previously described.82 The binding of
antibodies to 10_nM 1251-peptides was assayed similarly and has
been described.

A sloc-blot apparatus was used to apply synthetic peptides to
a Biodyne immunoaffinity membrane (Pall, East Hills, NY) in 16 mM
borate, pH 9.0, and 15 mM NaCl. Remaining reactive membrane
sites were quenched overnight with 5% Carnation dried milk and 30
mM Tris, pH 7.5, with 0.01% anti-foam A (quench buffer), and the
membrane was rinsed with five changes of buffer. 1251-qa-
bungarotoxin (5 nM) was applied overnight in the quench buffer
containing 0.5% Triton X-100. The membrane was washed with
buffer and autoradiographed on preflashed Kodak XAR5 film.

Geysen Epitope Mapping. The Geysen54 epitope mapping system
was purchased from Cambridge Research Biochemicals (Atlantic

Beach, NY) and used in conjunction with an IBM-PC and a Titertek
(McLean, VA) MCC/340 Plate PReader, according to the
manufacturer’s directions. The sequence of Torpedo a subunits
reported by Noda et al.86 was used to synthasizae a as a set of
overlapping octamers. Bound antibodies were detected with
commercial (CalBiochem, San Diego, CA) peroxidase-labeled goat
anti-rabbit IgG at 1/10,000 dilution or with homamade peroxidase-
labeled affinity purified goat anti-rat 1IgG or the peroxidase-
labeled mouse mAb to rat IgG MAR 18.5.87

Mapping the Binding Site o mAbs  to the Main Immunogenic
Region Using Synthetic Peptides. Some of the synthetic peptides

are shown in Table 1.%*° Tha Torpedo and human a subunit peptides
arouna a66-76 were svnthesized using the RaMPS multiple peptide
synthesis system (DuPont, Wilmington, DE) according to the
manufacturer’s directions.

Microtiter plates (iImmulon, from Dynatech) were coated with
poly-C-lysine HBr (20 ug/ml, 100 wl/well) in C.1 M NaHCO3 at 4°C
overnight. All subsequent trestments were at room temperature.
The plates were washed three times with 10 mM K phosphate biffer,
pH 7.0. Peptides at 5 uM in this buffer were mixed with an equal
volume of 0.25% glutaraldehyde and 10 zl aliquots were added to
the wells. After 2 hours the wells were washed three times with
buffer and then quenched with 200 sl of 1% bovine serum albumin,
1% ovalbumin, 0.1% Tween 20 in 10 mM Na phosphate, pH 7.5. After
shaking for 1 hour, this solntion was removed, and mAbs were
added at 50 ul/well containing about 1x10-10mol of mAb in the
same buffer. After shaking for a further 2 hours, the wells were
washed three times with 200 sl of 0.05% Tween 20 in phosphate-
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The labeling reagents were reacted with the tubes by application
to the grids after the cytochrome ¢ wash at the following concen-
trations: 4 uM fo.: a-bungarotoxin, 1 M for Fab 35 and Fab 11,
and 10 M (in the presence of 0.1 mM CaCly) for WGA. Reaction
times ranged between 10 and 30 minutes. Prolonged application of
WCGA caused disorderinc of the crystals, rendering them unsuitable
for further aralysis. Fab 111 was the only reagent used that
bound to the cytoplasmic_ portion of the receptor, and hence to
the inside of the tubes>3; the accessibility of these sites may
have been facilitated by the presence of holes at or rear the
extremities of many of the tubes.

The specimens were examined at 100KV within 1-2 days of
preparing the grids, using a Philips EM400 electron microscope
equipped with a low dose kit. Micrographs were recorded at a
megnification of 33,000X and a total dose of 1luss than 10
alectrons/A2, The Xodak SCi63 fiim was developed in undiluted
D19 developer for 10 minutes. To minimize variability between
images, defccus values were required te be in the range of
12,000-16,000A, estimated from the positions in the optical
diffraction patterns cf Thon rings.

To identify the positions of the 1ligands in the crystal
lattice, Fourier syntheses were conducted of the difference
terms: Fj(h,k) - Fp(h,k), where Fji(h,k) and Fn(h,k) ars the
averaqged Fourier terms obtained for the ligand-bound and native
structures, respectivaly. Data were scaled so that ¢Fj(h,k) =
€Fn(h,k); minor adjustments of the relative scales to account for
the additional mass of the ligand did not affect the positions of
the major difference peaks.

de Studjes. Nicotinic acetylcholine receptors

were purified from the elactric organ of edo californica by
affinity chromatography on toxin aqaross.8 The a subunit was

purified £from receptnr by preparative SDS-~polyacryiamide gel
electrophoresis (SDS-PAGE). Briefly, the preparative gel (5 mm)
was lightly stained with Coomas3aie blue and destained. The band
corresponding to the a subunit was excised and frozen. The gel
containing the a subunit wag sonicated in H0 at 4°C until thre
gel was dispersed. The suspension was centrifuged and filtered
through a 0.22-im filter to remcve remaining gel particles. The
a subunit preparation was then dialyzed versus H20 and
lyophilized.

Peptides corresponding to varioug segments of the a subunit
were synthesized by V. Sarin, J.L. Fux, H.L. Thanh, and J. Rivier
using the Merrifield method, as previously described, or were
purchased from Bachem (Los Angeles, CA). These peptides are
listed in Table 1. For radioiodination, several of the peptides
contained an additional tyrosine at the NHz or COOH terminus.
Peptides were labeled with 1251 by using chlgramino-r to specific
activities of 9 x 1016 to 3 x 1018 cpm/mol.32,82
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buffered saline. A mouse anti-rat IgG mAb (MAR 18.5) conjugated
to horseradish peroxidase was then added at 50 ul/well. After
shaking for 1 hour, the wells were washed three times with the
0.05% Tween 20 buffer. Then 150 pl/well of peroxidase substrate
solution (20 mg 2,2’'-azino-di~{3 ethyl-benzthiazolinsulfonate] in
72 ml phcsphate-citrate buffer, pH 4.0, with 22 gl of Hy0p) was
added. After color development for 20 minutes the plate was read
in a Titertek Multiskan MCC/340 (Flow Laboratories, McLean, VA).

Expression of Torpedo Nicotinic Receptor Subunits in Yeast.
E. colj HB 101 was used to amplify plasmia DNA.3%® E. coli DHSa
was used for sequencing purposes. Saccharomyces cerevisiae
strain TP4 (Mat a, his4, leu2, wura3, trpl) and strain 8524-8C
(Mat o, his4, leu2, ura3l) were from B. Tye (Cornell University),
and etrain TD71.8 (Mat a, his3, leu2, ura3, trpl, lysz) from D.
Dawson (Massachusetts General Hospital). The negative control
strain for the producction of subunit polypeptides in yeast,
XUJ6.0, was obtained by mating TD4 with TD71.8.

The full-length J subunit cDNA was isolated as an EcoRI
restriction fragment from clone pSSZp.89 The 7 subunit cDNA was
obtained as an NcoI-Pvull restriction fragment from clonre 7-"3.
The ends were made flush with Klenow fragment, and EcoRIl linkers
(#52951.°, ©cethesda Research Laboratories, Bethesda, MD) were
added according to standard procedures.83 The EcoRI restriction
fragments were inserted individually into the yeast expression
vector pMACS56191 to generate pYTcp or pYTcy. Together with pYTca
and pYTcd, which were obtained previously,Sl' 3"the vectors were
usaed for the construction of the integrating expression vectors.
Plasmids oD4l1 and pS262 containing the yeast selectable markers
TRP1 and HIS3, respectively, were obdbtained from D. Dawson
(Massachusetts General Hospital), and pS258 containing the LEU2
gene of yeast was from B. Tye (Cornell University). Yeast
transformation was performed using the lithium acetate method.3?2

For E. c¢oli transformation the CaCl; procedure was used.

Sequance analysis was cone according to the manual supplied with
the Sequenase sequencing kit (United States Biochemicals,
Clevaland, OH). All other DNA manipulations were performed

according to standard procedures.

SP6 mRNA transcripts from Torpedo receptor subunit cUNAs were
made in vitro as described.d3 “yYeast total RNA was prepared, with
minor variations, according to Silverman et al.34 poly (A)* rNa
was purified from this total RNA by chromatography on oligo
(dT)-cellulose.d3

For the detection of the receptor a, 7, and § subunits, yeast
strains were 2rown at 30°C or at 5°C in SD meaium (Difco,
Detroit, MI).9® For the detection of the / subunit, 5 ml of a
preculture were grown in SD medium at 30°C to an optical density
measured at 600 nm of >0.6, then diluted into 500 ml fresh medium
and grown for an additional 5 hours at 30°C; the cells were then
incubated for 5 days at 5°C until the optical density was 0.3.
Cells were harvested from 500 ml cultures by centrifugation at
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100 g for 20 minutes at 5°C. All further treatments of the cells
to obtain the membrane fraction were also carried out at 5°C.
The cell pellet was washed twice in 500 ml of 50 mM Tris-HCl, 100
mM NaCl, 100 mM KF, 5 mM EDTA, 5 mM ethylene glycol bis (-
aminoethyl ether) N,N,N’,N’-tetraacetic acid (EGTA), 1 mM
phenylmethylsulfonylfluoride (PMSF), 25 mM NEM, pH 7.5. After
freezing the pellet at -80°C for at least 30 minutes, it was
suspended in 20 ml of 25 mM Tricine-KOH, 0.6 M sorbitol, 50 mM
KF, 1 mM PMSF, 25 mM NEM, 5 mM EDTA, 5 mM EGTA, and 10 ug/ml
soybean trypsin inhibitor, pH 7.5. The suspension was sonicated
for 5 minutes and then centrifuged at 1100g for 5 minutes. The
supernatant was saved and the pellet treated as before in 20 ml
of the above buffer. The last supernatant was combined with the
previous one and centrifuged at 3000 for 10 minutes. The
resulting supernatant was then centrifuged at 300,000q9 for 30
minutes, to obtain the yeast membrane fraction.

For immunoblot analysis yeast membrane proteins were
solubilized in SDS-sample buffer, and proteins were separated by
SDS-PAGE using a 10% gel.97 Proteins were then transferred to
Immobilon membranes (Millipore, Bedford, MA) by the method of
Matsudaira.98 The membranes were quenched with 5% (w/v) dried
milk in phosphate-buffered saline, 0.5% Triton X-100, pH 7.5, and
then labeled with iodinated mAbs against the individual subunits
(specific radiocactivities 1-2x108 cpm/mol). The mAbs were
iodinated using a modified chloramine-T procedure.82 The
membranes were washed with phosgh'te-bufferod saline, 0.5%
Triton, pH 7.5, axd  bound I-mAbs were visualized by
autoradiography.

For solid-phase sandwich assay of mAb and a-bungarotoxin
binding to Torpedo nicotinic receptor a subunits expressed in
yeast, Immobilon "C" microtiter wells (Dynatech)! wers coated with

1 yg of mAb 173 in bicarbonate buffer (10 mM NaHCO3, pH 8.8, 50
4l/well) for 4 hours at room temperature. After three washes the
wells were quenched for a further 2 hours with 1% bovine serum
albumin in the same buffer. Finally the wells were washed three
times with 200 sl of 0.5% Triton X-100 in phosphate-buffered
saline. Aliquots (50 ul) of crude extracts of yeast membranes,
purified receptor, or a subunits in 0.5% Triton X-100 buffer were
incubated in the wgl overnight at 4°C w%th shakinq After
three washes the 51-labeled ligand (3x107 - 3x10! cpm/mol)
was added in S0 sl of 1% bovine serum albumin, 1% ovalbumin, 0.1%
Tween 20, and 10 mM Na phosphate, pH 7.5. After shaking
overnight at 4°C, the wells were washed three times and counted
in a 7 counter.

Expression of Torpedo Acetylcholine Receptors ln Xenopus
Qocytes, CcDNAs for the a, J, 17, and § subunits of Torpedo
acetylcholine reciptor were gifts from Dr. Toni Claudio at Yale
University. These were expressed in Xenopus oocyt;s using
precisely the technique described in her detailed review.
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Human Acetylcholine Receptoxs
Culturing TE67]1 Cells. Cultures were grown at 379C in 90%

air 10% CO2 in 1Iscove’'s modified Dulbecco’s modified essential
medium (DMEM; Irvine Laboratories (Irvine, CA) supplemented with
e@ither 10% fetal bovine serum or 5% bovine calf serum. For
electrophysiological studies, 104 cells wers plated per well in a
¢4-well) plate on 12 mm diameter glass cover slips in medium with
10% serum. One day later, serum was reduced to 0.01%, and 2 mM
liters of glutamine, 10 ug/ml insulin, and transferrin were
added. Electrophysiological studies were done in 115 mM NaCl, 5
mM CsCl, 1 mM MgCls, 25 mM glucose, 25 mM
4-(2-hydroxyethyl)-l-piperazineethane-sulfonic acid (HEPES), pH
7.4, 10 mM tetraethylammonium chloride, and 0.1 mM anthracene-
9-carboxylic acid.

Recordings om 7 alls. Single channel
current electrical recordings were performed in the labcratory of
Dr. Mauricio Montal at the University of Ca%ifornia, San Diego
according to methods described in detail.? Recordings were
obtained in both the cell-attached and the excised-patch
configurations. The pipettes were fabricated from KOVAR glass
(Corning 7052, inner diameter=l1.1 mm, 70 mm long) using a
vertical pipatte puller (vavid Kopf 700C, Tujunga, CA). The
pipettes were coated with Sylgard-180 (Dow Corning) within 40 sm
from the tip and fire-polished immediately before use, under 320X
magnification. The tip size was adjusted to yield 5-15 Mohms of
open pipette resistance when filled and immersed in the buffer
described before. The patch pipettes contained the indicated
concentration of acetylcholine diluted in the same sclution. The
cells were observed with an inverted microscope (Nikon-diaphot)
using a 40X objective (LWD DL 40XC, Nikon) equipped with Hoffman
mcdulation contrast optics (Modulation Optics, Greenvale, NY).
The microscope was mounted on a vibration isolation table (Micro
g Technical Mfg. Corp., Waltham, MA).

A commercially availablo extracellular patch clamp system was
used (LM EPC-5, List Electronics, Darmstadt, West Germany and
Medical Systems Corp., NY). The headstage of the amplifier was
mounted on a hydraulic micromanipulator (MO-103N, Narishige,
Japan). The signal output from the clamp was recorded on FM tape
(Racal 4DS, Hythe, Southhampton, England, bandwidth DC to SkHz).
All the records were filtered at 2kHz c¢n an 8-pole Baszsel low
pass filter (Frequency Devices, 9028LPF, Haverhill, MA). The
data were digitized at the sampling frequency of 10kHz in an
Indec-L-11/73-70 microcomputer system (Indec, Sunnyvale, CA).
Conductance levels were discriminated as described previously.
Histograms of dwell times in the open state and closed states of
the rocoptos chgnnol were analy-ed as described in detail
previously.100-10 The results of at least five different
experiments in each condition are presented. All experiments
were done at vooin temperature (22°C).

107




Preparation of Sclubjlized TE671 Membrane Extracts. TE671
cell cultures were _grown in T-flasks for 6 days and then expanded
to 2 liter (850 cmz) roller bottles in 5% fetal calf serum in
Iscove’s modified DMEM (Irvine Laboratories) with 2.5 M
dexamethasone. After 10 days in culture, the cells were
harvested after aspiration of media by first rinsing with cold
PBS, pH 7.5, containing 10 mM iodoacetamide, 10 md aminobenzami-
dine, and 1 mM PMSF to remove the excess media, and secondly by
shaking in 25 ml per bottle of 50 mM Tris, 150 mM NaCl, 100 mM
KF, S5 mM EDTA, 5 mM  EGTA. 5 mM iodoacetamide, 5 mM
aminobenzamidine, 0.5 mM PMSF, bestatin (10 ag/ml), Trasylol (10
#g/ml), and soybean trypsin inhibitor (10 asg/ml), pH 7.5 (buffer
A). The bottles were then rinsed with four volumes of buffer A
to remove any remaining cells. The cells were then pelleted by
centrifugation at 3000 for 30 minutes. The resulting cell
pellet was resuspended in 40C ml of buffer A, homogenized, and
centrifuged as described in the previous step. The resulting
pellet was then extracted for 30 minutes in four volumes of
buffexr A with 1% Thesit detergent (Boehringer, Mannheim,
Indianapolis, IN) and 0.05% SDS, pH 7.5, centrifuged at 140,000g
for 30 minutes, and the clarified supernatant retained.

Puritication of the TEG7] Njcotinic Receptor. a-Bungarotoxin
was first coupled to Sepharose CL-4B at 5.0 mg of protein per
ml/ml of gel by a modified procedure of Kchn and Wilchek.104 The
clarified, solubilized TE671 membrane extract (75-100 ml) from,
typically, !2 roller bottles was applied to a 20 ml column of
Sepharose CL-4B to adsorb any proteins which may nonspecifically
adsorb to the affinity matrix. The eluate was then applied to a
1 ml column of ia-bungarotoxin-affinity gel and both columns were
washed with 150 ml of the e¢xtraction buffer. The affinity column
was consacutively washed with 200 m! of buffer A containing 1.9 M
NaCl, 0.5% Thesit, and 0.05% SDS, pH 7.5, followed by 150 ml of
10 mM Tris, 0.1% Thesit, 1 mM KaNj, 10 mM KF, ! mM iodoacetamide,
1 mM aminobenzamidine, 1 mM EDTA, and 1 mM EGTA, pH 7.5 (buffer
B). The affinity column was then coupled to a hydroxylapatite
(HPT) column (1 ml) and the TE671 receptor eluted onto the HPT
column by recirculating through both columns for 12 hours 10 ml
of buffer B containing 200 mM carbamylcholine, using a
peristaltic pump. After displacement of the bound protein, the
HPT column was washed with 200 ml of buffer B and then eluted
with 150 mM sodium phosphate, 0.5% Thesit, 1 mM NaNj, 1 mM PMSF,
1 mM EDTA, 1 mM EGTA, 1 M aminobenzamidine, and 1 mM
iodoacetamide at pH 7.5.

TE671 receptor was
immobilized on a-bungarotoxin-Sepharose arnd then affinity labeled
with <“H-MBTA (a gift from Dr. Mark McNamee) as previously
describad.l®

Ele: Bloctrophoros§t was conducted on acrylamide
slab gels in SDS using the Laemmli’/ discontinuous buffer system.
Polyacrylamide gels were silvos stained for protein according to
the method of Oakley et al.lU3 Polyacrylamidy gels of radio-
labeled protein were. autoradiographed for 4-2¢ hours at -70°C
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using preflashed Kodak (Rochester, NY) X-Omat-AR film and an
intensifying screen. Autoradiograms were standardized by using
Sigma (St. Louis, MO) prestained low molecular weight standards
resolved on the same gel. Electrophoraetic transfer of proteins
from gels to diazophenylthicether (DPT! paper and subsequent
probing with antibodies were as described previously.> After
being probed, bound antibodies were detected by incukation with
0.5 nM 12351-labeled mouse anti-rat IgG (1-3x1018cpm/mol) and
autoradiography.

Cloning and Sequencing_ of TEf71 Receptor g Subunit cDNA.
cDNA was synthesized by the RNase H method,iVU® following the
protocol of Watson and Jackson.107 cDNA >1 kilobase (kb) was
ligated into the <cloning_ vector \-zap (Stratagene, San Diego,
CA). Approximately 105 recombinants were screened at high
stringency with the 430-base pair (bp) PstIl fragment of pMARalS5,
containing the sequences for the N-terminal of the mouse muscle

nicotinic receptor a subunit.108 Positive clones were plaque
purified, and inset-bearing plasmids were obtained using a helper
phage, following the supplier’s protocol. Plasmid DNA was

characterized by restriction enzyme digestion followed by agarose
gel electrophoresis and Southern blotting.

For DNA sequencing, nested deletions were produced by the EXO
III/mung bean protocol (Stratagene) in both orientations. DNA
sequencing was performed using a modification of_ the dideoxy-
nucleotide chain termination method of Sanger et al.

Cloning and Sequencing of TE671 Receptor 4 Subunit cDNA. A
CDNA library was prepared as previously described. The filters
wore screened under high stringency with the “450-bp EcoRI-Aval
fragment of cDNA clone BMD45S1 (a gift of Dr. Jim Boulter, The

Salk Institute) coding for the 114 N-terrinal amino acids of the
mouse muscle acetylcholine receptor § subunit. A single positive

clone was identified. Plasmid DNA was characterized by
restriction enzyme digestion followed by agarose gel
electrophoresis and southern blot analysis. From the ~3-kb

insert, the 5’ ~1860-bp Eco-Ava fragment was subcloned into a
second A-Zap vector. Nested deletions were produced by the E:io
I1I1I/mung bean protocol provided by Stratagene. DNA sequencing
was performed using a modification 05 the dideoxynucleotide chain
termination method of Sanger et al.103 )

atio e

" The cells were harvested and receptors extracted in

18 Triton X-100 detergent, 50 mM Tris, pH 7.5, 150 mM NaCl, 100
mM KF, S mM EDTA, 5 mM EGTA, 5 mM IAA, 5 mM aminobenzamidine, 0.5
mM PMSP, 10 ug/ml bestatin, 10 sg/ml Trasylol, and 10 xg/ml
soybean trypsin inhibitor, as previously described. Aliquots of
the extract (150 sl) were layered onto 5 ml sucrose gradients
(5-20% sucrose wt/wt, in 0.5% Triton X-100, 10 mM Na phosphate
buffer, pH 7.5, 100 mM NaCl, 1 mM NaNj}. The gradients were
centrifuged in a VTi 65.2 rotor (Beckman, Fullarton, CA) for 67
minutes at 4°C. The gradients vere fractionated from the bottom

I
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of the tukes and <collected into Immulon "C" Removawells
(Dynatech, Chantilly, VA) coated with mAb 210 (1 pag/well, 4
hours, followed by 3 washes). After incubating overnight at 4°C
with shaking, the wells were washed three times with 0.5% Triton
X-100 in_100 mM NaCl, 1 mM NaN3, 10 mM Na phosphate buffer, pH
7.5. 1231.a-bungarotoxin was then added at 2 nM in the Triton X-
100 buffer, and 100 mM carbamylcholine was added as a competitive
inhibitor on some gradients to address affinity for small
cholinergic ligands, while unlabeled a-bungarotoxin was added at
1 uM to other gradients to determine the level of nonspecific
binding. After overnight_incubation the wells were washed three
times, and then bound }25I-g-bungarotoxin was determined by 1
counting. Receptor from Torpedo electric organ was analyzed
simultaneously to provide size markers.

Neuronal Nicotinic Receptors

Purificaticn and Characterization of Receptor Subtypes

Western blot with I-mAb__35. Nicotinic receptors affinitg
purified from Torpedo electric or?an on a toxin-affinity column8
(5 #g9) or immunoaffinity purified 9 from chicken brain using mAb
295 wers electrophoresed on acrylamide gels in SDS, blotted, and
probed overnight at 4°C with 1251-mab 35 (5x1018cpm/mol, 1 nM).
After washing, binding of 1251-mAb 35 was visualized by
autoradiography.

Binding of 1257-mab 35. Antiserum to the a3 peptide was
tested for its ability to deplete binding sites for mAb 35 from
detergent extracts of chick ciliary ganglia and brains. From
embryonic day 17-19 (El18) chicks, 40-50 ciliary ganglia or
0.5-0.6 g brains were homogenized in 1 ml or 10 ml, respectively,
of 75 mM NaCl, 5 mM Na phosphate buffer, pH 7.4. Membranes were
isolated by centrifugation at 15,000 for 15 minutes. The
receptors were solubilized in 0.5 ml 5 mM NaPO4/75 mM NaCl/1l%
Triton X-100, pH 7.4, and cleared from debris by 15 minutes
(ganglia) or 30 minutes (brain) centrifugation at 15,000q.
Aliquots were incubated with antissra or preimmune sera for 60
minutes at room temperature in a final volume of 60 ul. Control
reactions were carried cut in the absence of sera. Then the
antibodias were absorbed onto fixed Staph-A cells (Bethesda
Research Labs) (the pellet from 30 sl of a 10% suspension) for an
additional 15 minutes, and cleared by a 15 second centrifugation.
Triplicate 30 xl aliquots of supernate were incubated with 2.5 nM

251-mAb 35 for 45 minutes at room temperature. The amount of
1251-maAb 35 bound to receptor was decermined by a DE-52 resin
column assay (50 sl Eesin for ganglia, 150 4l for brain) as
previously described.l '

h a N Nicotinic
receptors from chicken brain were purified by immuncaffinity
chromatography using mAb 35 or mAb 270 coupled to Sepharose CL4B
(at 10 or 8 mg/ml, respectively), as previously described.
Purified reseptor was radioiodinated essentially as previously
described.! Briefly, receptor from 100 brains (obtained from
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Pel-Freez Biologicals, P.O. Box 68, Rogers, Arkansas 72757) was
purified through two rounds of immuncaffinity chromatography,
eluted from the second antibody column in a pH 3.0 buffer
containing 0.05% Tween 20 detergent, and then concentrated and
desalted to a final volume of approximately 100 sl using a
Centricon 30 (Amicon) nicroconcentrator. The purified receptor,
5-10 pmol, was then radioiodinated using the lactoperoxidase-
glucose oxidase method (BioRad) and kept at 4°C in 10 mM sodium
phosphate, pH 7.5, 100 mM NaCl (PBS) containing 0.5% Triton X-
100, 10 mM sodium azide, and 10 mg/ml p-lactoglobulin.

Preparation of mAbs *o Chicken Brain Nicotinic Receptors.

Female Lewis rats (6-8 weeks old) received intramuscular

injections of purified chicken brain receptor, both intact and

3DS denatured, emulsified in 100-200 xl of complete Freund's

adjuvant. The rats were sacrificed and their spleen cells fused

with the mouse myeloma cell 1line 3194 15.XX0.BU, using 50%

polyethxlene glycol 4000 (Merck) as previously described in

detail.110 Culture supernatants were initially screened bv
solid-phase immunoassay using immobilized, affinity-purified
receptor from chicken brain. Hybridoma supernatants which were

positive in this assay, and upon rescreening exhibited binding to

receptors labeled with 3H-nicotine in detergent extracts of

chicken brain (see below), and/or binding to subunits on western

blots of purified receptor from chicken brain, were solected for
reclcning. Hybridoma cells were cloned directly in agarose and
then grown in bulk in 1Iscove’s medium containing 1% fetal calf

serum, Supernatants from mass cultures were concentrated to
about 300 ml using a Millipore Minitan concentrator and the

immunoglobulin fraction isolated by precipitation with 18% sodium
sulfate and then dialyzed against PBS containing 10 mM NaNj.

Immunoglobulin class and subclass were determined by the

Ouchterlony technique using anti-rat immunoglobulin subclass

antisera (Miles). mAb 270 was nurified as previously described
and mAb 285 was purified by HPLC on a hydroxylapatite column

(BioRad).

Cell culture supernatants were screened by solid-phase
immunocassay.l Briefly, affinity-purified recegtor from chicken
brain (10-100 fmol quantitated in terms of 125I-mAb 35 binding
sites) in 30 4l of PBS was applied to Millipore Millititer
96-well nitrocellulose plates and incubated overnight at 4°C.
The plates were quenched for 30 minutes at room temperature with
50 sl of PBS containing 1% bovine serum albumin and 0.2% Tween 20
(quench buffer), and then 100 gzl of culture supernatant was
added, followed by incubation overnight at 4°C. Plates were then
washed twice with 300 sl of quench butfeg and incubated 2 hours
at room_ _temperature with 10 nM 1 5I-qoat anti-rat 1IgG
(2-3x10’19cpm/mol). After two additional washes, the
nitrocellulose disks were punched out and bound radiocactivity
determined by gamma counting. Nonspecific binding was determined
by incubation with control culture supernatant.
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Antibody binding to receptor in crude detergent extracts of
brain was determined as described previously.1l3 Briefly,
detergent extract (200-500 pl) was shaken gently for 15 hours at
4°C with 100 gl of culture supernatant, diluted mAb, or serum,
and 20-30 gl of a 1:1 slurry of goat anti-rat IgG-Sepharose
(8-12.5 mg IgG/ml gel). After washing with 2x1 ml of PBS
containing 0.5% Triton X-100, the aliquots were incubated for 15
minutes _at room temperature in 20 nM H-nicotine (DL-{[N=-
methyl]-3H-nicotine, specific activity 68.6 Ci/mmol (obtained
from New England Nuclear, Boston, MA), in the same buffer, and
then rapidly washed at 4°C with 4x1 ml of ice cold PBS, 0.5%
Triton X-100 by resuspending in the buffer anu centrifuging for
20 seconds a. 10,000 in a microfuge. Bound protein was then
eluted by incubating the gel for 15 minutes with 100 sl of 2.5%
SDS, 5% p-mercaptoethanol, and then sampling into 5 ml of
scintillant (5% Biosolve [Beckman], 4% Liquifluor [New England
Nuclear] in  toluene). Radiocactivity was determined bv
scintillation counting. Specific binding was determined by
subtraction of binding in the absence of antibody.

SDS-PAGE and western blottin of protein samples were
performed as previously described,l? with the exception that when
probing Western blots with antibodies all incubations were
carried out in PBS, 0.5% Triton X-100 buffer which contained 5%
(w/v) Carnation milk powder rather than bovine serum albumin.

Purification of Nicotinic Receptor and g-Bungarotoxin-Binding
Protein From Rat Brain. Rat brains were obtained from Pel-Freez
Biologicals. Immuncaffinity purification with mAb 270 and
radioiodination of the affinity-purified nicotinic receptor were
essentially as previously described for receptor from chicken
brain with mab 35.12

The a-bungarotoxin binding protein was purified from
detergent extracts from which receptor had previously been
removed by immunoaffinity adsorption on mAb 270-Sepharose. Rat
brain detergent extract, after incubation with the
mAb 270-Sepharose, was passed through a 2-ml column of Naia naja
siamensis toxin coupled to Sepharose CL-4B (0.5 mg/ml) at 20-30
ml/hour flow rate at 4°C. The column was rapidly washed with 50
ml PBS containing 0.5% Triton X-100, 50 ml 1 M sodium chloride,
10 mM sodium phoaphate, pH 7.5, containing 0.5% Triton X-100, and
again with 50 ml PBS, 0.5% Triton X-100. Bound protein was
eluted by recirculating 1 M carbachol in 10 mM Na phosphate, pH
6.8, 0.1% Triton X-100 through the affinity column onto 0.5 ml
hydroxylapatite (BioRad Bio-Gel HTP). The hydroxylapatite was
washed with 25 ml of 10 mM Na phosphate, pH 6.8, 0.1% Triton X-
100. Bound protein was rapidly eluted at 22°C with 100 mM Na
phosphate, pH 6.8, 0.05% Triton X-100, and immediately dialyzed
at 4°C against 10 mM Na phosphate, pH 7.5, 0.05% Triton X-100.

3H-Nicotine binding sites in brain detergent extract ware
determined by gel filtration assay.l Antibody binding to 3H-
nicotine binding sites was investigated by indirect immobiliza-
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tion of antibodies upon goat anti-rat IgG-Sepharose, as
previously described.l3

a-Burgarotoxin binding sites were determined by DEAE assaylZ?
using ag-bungarotoxin radioiodinated to specific activities of
3-4x1017 cpm/mol.

Preparation of mAbs to Receptors from Rat Brains. Female
Lewis rats (6-8 weeks old) were immunized with immunoaffinity
purified rat brain receptors, both intact and denatured in SDS,
emulsified in 100-200 x4l of complete Freund’s adjuvant (CFA).
The rat that gave rise to the mAbs described was immunized
intraperitoneally on day 1 with 10 pmol of receptor in CFA, on
day 17 with 5 pmol of receptox (SDS denatured) in CFA, and on day
31 with 45 pmol of receptor (half of which was SDS denatured).

- Five days later, the rat was sacrificed and its spleen cells
fused with the mouse myeloma cell line S194 15.XX0.BUl, using 50%
polyethylene glycol = 4000 (Merck), as described in detail
elsawhere.ll0 "Culture supernatants were screened for binding to

51-labeled rat brain receptor by indirect immunoprecipitation
using goat anti-rat IgG. Supernatants that were positive
(greater than 2X background binding) upon retesting, and that
upon subsequent rescreening exhibited binding to 3H-nicotine-
labeled receptors in detergent extracts of chicken brain (see

below) were selected for recloning. Eybridoma cells were cloned
directly in agarose and then grown in bulk in Iscove’s medium
containing 1% fetal calf serum. Supernatants from mass cultures

were concentrated to ~300 ml using a Millipore (Bedford, MA)
Minitan concentrator and the immunoglobulin fraction isolated by
precipitation with 18% sodium sulfate and then dialyzed against
PBS containing 10 mM sodium azide.

mAb 295 was purified by chromatogravhy upon S-Sepharose
(Pharmacia, Piscataway, NJ). Briefly, 7 ml of concentrated
mAb 295 was dialyzed against 50 mM morpholine ethanesulfonic
acid, pH 6, 5 mM NaCl, and then applied to a 0.5x10 cm column of
S-Sepharose. Bound mAb was eluted with the same buffer
containing 1 M NaCl; 127 mg of mAb was recovered.

Purjificatio o Nicot c Receptory om vine Brain,
Receptors from bovine brain were purified by immunoaffini 'y
chromatography using mAb 295 (see below) coupled to AFC resin
(New Brunswick Scientific, Edison, NJ). Briefly, a bovine brain
(obtained from a local abattoir and stored at -70°C) was
pulverized into small pieces while still frozen and then 150- to
200-g amounts were homogenized and the membranes isolated exactly
as previouslg described.l2 The membranes were then extracted for
2 hours at 4°C in one volume of 2% Triton X-100 in 50 mM Tris, pH
7.2, 1 mM EGTA, ! mM EDTA, 5 mM iodoacetamide, 5 mM benzamidine,
and 2 mM PMSF. The extract was centrifuged at 140,000 x g for 1
hour in a Beckman Ti50.2 rotor and the clear supernatant
collected and then gently shaken for 15 hours at 4°C with 3 ml
mAb 295-AFC resin (6.7 mg protein/ml resin). The resin was then
loaded into a 10-ml column and washed successively with
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approximately 200 ml of 10 mM Na phesphate, pH 7.5, 100 mM NaCl
(PBS) containing 0.5% Triton X-100, 100 ml of 10 nM Na phosphate,
pH 7.5, 1 M NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% Triton X-100, and
finally with 20 ml of 20 mM Tris, pH 7.5, 100 mM NaCl, and 0.1%
Thesit detergent (CalBiochem, San Diego, CA). Bound receptor was
eluted with two-column volumes of AFC elution medium (New
Brunswick Scientific) and dialyzed against 4 1liters of 20 mM
Tris, pH 7.5, 100 mM NaCl, and 0.05% Thesit.

Purified receptor was radioiodinated as previously
describedl? by the lactoperoxidase-glucose = oxidase method
(BioRad, Richmond, CA) anc kept at 4°C in PBS, 0.5% Triton X-100,
containing 1 mM Na azide and 10 mg/ml p-lactoglobulin.

Human Brain Tissue. Human brain tissue, primarily from
patients with Alzheimer’s dis=2ase, was obtained through the
generosity of Dr. Robert Terry at the University of California,
San Diego.

3H-Nicotine Binding Assay. Antibody binding to receptors in
crude detergent extracts of brain was determined as described
previously.l3 Briefly, detergent extract (200-5600 4l) was shaken
gently for 15 hours at 4°C with 100 sl of culture supernatant or
an appropriate amount of mAb, or serum, and 20-30 ul of a 1l:1
slurry of goat anti-rat IgG Sepharose (8-12.5 mg igG/ml gel).
After washing with 2x1 ml of ' PBS containing 0.5% Triton X-100,
the aliquots were_incubated for 15 minutes at room temperature in
50 pl of 20 nM 3H-nicotine (DL-[N-methyl]-3H-n1cotine, specific
activity 68.6 Ci/mmol, obtained from New England Nuclear, Boston,
MA) in the same buffer, and then rapidly washed at 4°C with 4xl
ml of ice-cold PBS, 0.5% Triton X-100 by resuspending in the
buffer and centrifuging for 20 seconds at 10,0009 in a microfuge.
Bound protein was then eluted by incubating the gel for 15
minutes with 100 sl of 2.5% SDS, 5% p-mercaptoethanol, and then
sampling into 5 ml of scintillant (5% Biosolve [Beckman), 4%
Liquifluor [New England Nuclear] in toluene). Radiocactivity was
determined by scintillation counting. Specific binding was
determined by subtraction of binding in the absence of antiboedy.

Purification .nd N-Terminal eguenc of Receptor Subunits

from Brains of Rats and Chickens. Nicotinic receptors from rat
brain were immuncaffinity purified using mAb 270, as has been
previously described.l4 Receptors from chicken brain were

purified by affinity chromatography upon mAb 270 and the receptor
subtype with a 75,000 molecular weight acetylcholine-binding
subunit was isolated by a second round of immunocaffinity
purification using mAb 299i which is sgpecific for this
acetylcholine-binding subunit. 9 Purified receptors (~60 pmol)
were resolved into subunits by electrophoresis in a 10%
polyacrylamide gel and electroblotted onto quaternary ammonium
derivatized glass fiber sheets.lll Protein bands were located by
fluorescent staining, excised, and subjected to gas phase
microsequencing upon an Appligd Biosystems (Foster City, CA)
model 470A protein sequencer.ll
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Cloning and Sequencing Niceotinic Receptor Structural Subunit
cDNAs From Chicken Brain. Standard nrocedures were carried cut
as described previously.> Total cellular brain RNA was purified
fr.m day 17 chick embryos (E17) by the guanidinium isothio-

cyanate/cesium chloride method. Poly (A*) RNA was obtained
through two rounds of o0ligo(dT)_ _chromatography. cCNA was
synthesized by the RNase H method,107 SDNA > 1 kb was ligated
into the cloning vector A-Zap (Stratagene). Clones were

screened with a cocktail of probes for the nicotinic recepcor
family of the rat: the subcloned EcoRI insert of the ) clone (a
gift of Dr,_Steve Heinemann, The Salk Institute) harboring the
a4-1 gene,27 the a3 gene?4 (APCA48, a gift of Dr. Jim Boulter,
The Salk Institute), and the insert of clone pR1l1l, which contains
fragments of the a2 gene. Low-stringency temperature and salt
conditions were used: hybridization at 589C in 9%xSSPE
(1xSSPE=0.18 M NaCl, 0.01 M NaPO4, pH 7.4, 1 nM EDTA), follcuwed
by washing at 60°C in 5xSSPE and at room temperature in 0.3xSSPE.
The filters were also screened with a 30-mer oligonucleotide
derived from the short published sequence of 75.113" Hybridiza-
tion at 42°C in 5xSSPE, 40% formamide was followed by final
washings at 60°C in 1xSSPE.

A subset of clones which were positive in both screening
revealed overlapping restriction maps. T™wo of them, clones
pCh20.2 and pCh23.1, were analyzed by DNA sequencing. Both
strands of pCh20.2 were sequenced throughout. pCh23.1 was
sequenced completaly in one orientacion.

Cloning, Sequencing, and Bacterial Expression of g2, a3, and
g4 cDNAs from Chicken Brains. A cDNA library was prepared in the

A Zap cloning vector (Stratagene, San Diego, CA) from day 17
chick embryo (E17) brain RNA, as previously described.°3 Three
screening protocols were used: (1) Clones were screened with a
cocktail of probes of the rat nicotinic receptor gene family-~the
insert of c%one pR1l1l, which contains fragments of the a2 gene23;
the a3 gene4 (A PCA48, a gift of Dr. Jim Boulter); and the
subcloned insertr of the A\ clone (a gift of Dr. Steve Heinemann),
containing the a4-1 gene.23 Hybridization was performed at 58°C
in 5XSSPE (1XSSPE is 180 mM NaCl, 1 mM EDTA, 10 mM NaPO4,
pH 7.4), followed by washing at 60°C in 5XSSPE and at room
temperature “in 0.3XSSPE.31 (2) clones were screened with
pCh?0.2,3 a full-length chicken receptor structural subunit
probe. Hybridization was in 50% formamide, S5XSSPE, 42°C, and
washing in 1XSSPE, 65°C. (3) Clones were screened with rat a3.
Hybridization was in 30% formamide, 5XSSPE, 42°C, and washing in

1XSSPE, 65°C.

Isolated cDNA clones were analyzed by restriction mapping and
DNA sequencing by a modified dideoxy chain termination method109
using Sequenase enzyme (United States Riochemicals).

A system utilizing the A\ PR and Py, promoters was utilized to
express in E, ¢oli the putative cytoplasamic loop of tholghicken
brain receptor a4 acetylcholine-binding subunit.l A
Bsphl-Pvull tragment of the pCh26.1 clone encoding amino acids
met335-ala517 was subcloned into the expression vector pJLA602,
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which had been digested with BamHl, blunt-ended with Klenow
polymerase, and further digested with NcoI. The vector construct
was verified by DNA sequencing. Expression of the protein was
performed using the E. coli strain DHSa. Cultures were grown in
2XYT medium88 at 28°C until an Agoonm ©f 0.4-0.5 was reached.
The cultures were then shaken at 42°C for 2 hours to induce
expression., Cultures were pelleted in a microfuge, resuspended
in SDE-polyacrylamide gel electrophoresis sample buffer, boiled,
a:.d aliquots sampled for analysis Dby 15% SDS-polyacrylamide gel
electrophor2sis and Western blotting, using previously described
techniques.19 For large-scale preparation of expressed protein,
150 ml of induced culture was pelleted by centrifugation at 5000g
for 15 minutes. The pellet was washed in 50 ml of 50 mM Tris,
pH 8.0+, 50 nM NaCl, 5 mM EDTA, and then resuspended by Polytron
hcmogenization in 5 volumes of 10 mM NaCl, 100 mM KF, 5 mM EDTA.
5 mM EG™A, 5 mM iodoacetamide, 5 mM benzamidine, 1 mM PMSF, 2%
SDS, then sheaken for 1 hour at room temperature. The extract was
centrifuged at 140,000g for 1 hour and the supernatant collected,
diluted 5 fold in 100 mM NaCl, 10 mM NaPO4, pH 7.5, 0.5% Triton
X-100 (PBS Triton) containing 5 mM EDTA and 5 mM EGTA, and then
recirculated for 14 hours at 4°C through 3 ml of mAd 289 coupled
to AFC gel (New Brunswick Scientific), at a concentration of 8 mg
mAb/ml of gel. The affinity column was washed with 50 ml of PBS
Triton, 50 ml of 1 M MNaCl, 10 mM NaPO4, pH 7.5, 1 mM EDTA, 1 mM
EGTA, 0.5% Triton X-100, and the bound protein eluted with 4
column volumes of 50 mM Na Citrate, pH 3.0, 0.1% Triton X-104Q.
The eluatas was neutralized and then lyophilized. ‘

A bacterial expression system basaed on one describad by
Rosenberg and Studierll3,116 was used to express fragments of
chicken a2 subunits, a3 subunits, putative a-bungarotoxin-binding
protein subunits, and other receptor subunits. A fragment
corresponding to the large putative cytoplasmic 1loop of a3
leu323-met571 was prepared by partially digesting the a3 clone
with HphI and completely digesting with NcoI. The ends were
blunt ended with T4 polymerase in the presence of dNTP, and then
the fragment was isolated using electrophoresis on agarose. The
fragment was subcloned into pBluescript KS (Stratagene)
previously iinearized with SmaI, yielding the clcone pCh35.2,
having the BamHI site of the pBluescript KS polylinker next to
the 5’ end of the a3 gene fragment. A BamHI EcoRI digest of
pCh35.2 yielded a =zuitable fragment for an expression vector. It
was cloned into a pET3c-derived vector, yielding clone Ch35.4.
Cloning sites were confirmed by DNA sequencing. The expressed
protein should have 15 N-terminal amino acids encoded by the
vector, 127 amino acids of a3, and another 7 vector amino acids
for a deduced molecular weight of 17,000 and a pI of 4.5. For
expression, pCh35.4 was transformed into BL21(D3). From a single
plaque an overnight culture was started in 3 ml. The next day
this was expanded to 150 ml. At ODgpo=0.8 expression was induced
with 3 mM isopropyl-p-D-thioglactopyranoside. After 2 hours the
culturs was harvested by centrifugation and the pellet was
resuspendad in 5 ml of 50 mM Tris, pH 8.0, 10 mM EDTA, C.5 mM
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PMSF, and frozen. An uninduced culture was similarly harvested
as a control. Electrophoresis on acrylamide gels in SDS revealed
a predominant band corresponding to zr approximately 17,000
molecular weight peptide, only in the induced culture. A peptide
corresponding to a2 Arg329-Leu493 was prepared similarly.

Expressed protein wes purified from inclusion bodies as
follows. To the thawed culture was added 15 ml of 50 mM Tris, pH
8.0, 10 mM EDTA, 1% Triton X-100, 0.5 mM PMSF. Sonicatior for
three bursts of 15 seconds completed lysis. After centrifugation
for 30 minutes at 20,000 rpm in a Beckman 50.2 Ti rotor at 4°C,
the supernatant was discarded. The pellet was extracted with 3 M
NasSCN in 100 mM NaCl, 10 mM Na phosphate, pH 7.5, 0.2 mM PMSF,
and centrifuged as before. This pellet was extracted with 0.5 M
urea in the same buffer and centrifuged again. This pellet was
solubilized in 8 M urea, 100 mM NaCl, 10 mM Na pnosphate, pH 7.5,
1 mM dithiothreitol. Dialysis against 100 mM NaCl, 10 mM Na
phosphate, pH 7.5, resulted in partial precipitation. The
resulting material appeared about 90% pure by electrophoresis.

Preparation of mAbs to the Expressed g3 Fragment. A female

Lewis rat was immunized subcutaneously in multiple sites five
times over 18 weeks with 156-200 gg/injection of the a3
recombinant protein emulsified in 150 31 complete Freund’'s
adjuvant. On each of the four days precedirg the fusion, the rat
was boosted by intraperitoneal injection with 100 gg of the
protein in 100 sl of PBS.

On the day cf the fusion, the spleen was removed and spleen
cells were fused with Sp2/0 mouse myeloma cslls using 50%
polyethylene glycol, as previously described.l10 pusjion products
were plated out in 11 96-well platas. Eleven days after the
fusion, culture supernatants were assayed for binding to protein
Ch35-4 by an ELISA described below. Cultures positive in this
assay were then assayed for binding to AChR in extracts of retina
and ciliary ganglia by an immunoprecipitation assay describad
below. The final hybridomas retained were cloned three times by
limiting dilution. Culture supernatants fror these clones were
used in the experiments described here.

The ELISA used for initial screening of hybridomas used the
bacterially expressed a3 protein fragment bound to plastic
microwalls and detected bound antibodies by a colorimetric assay
using a mAb to rat 1IgG labeled with horseradish peroxidase.
Immuleon 1 96-well plates (Dynatech) were coated with 50 sl/well
cf 20 ug/ml of the a3 protein in 10 mM Na bicarbonate buffer, pH
8.8, overnight at 4°C. The wells were quanched by adding 200 xl
1% ovalbumin, 1% bovine serum albumin, 0.1% Tween-20 in PBS for
60 minutes at room temperature. Then the wells were washed three
times with 200 sl of PBS, 0.05% Tween-20. Culture supernatant
(50 ul/well) was added. After two hours at room temperature, the
wells were washed as before. Then 180 pl were added of MAR.S8.5
labeled with horseradish peroxidaselll diluted in 1% ovalbumin,
18 bovine serum albumin, 0.1% Tween-20, PBS. After one hour the
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plates were washed a3 before. Then 150 sl of substrate solution
(0.5 mM 2.2 Azino-di-[3 ethyl benzthiazolinsulfonate] diammonium
salt, 0.05% Hy0, 0.1 M NajPO4, 0.8 M citrate) were added. After
one hour optical density at 405 nm was measured cn a Titertek
ELISA reader, though positive wells were obvious by eye.

The immunoprecipitation assay used to screen hybridomas for
their ability to bind to a3 in native receptors used anti-
antibody-coated beads to immobilize the test antibodies and
allcwed the test antibodies to bind receptors frcm retina
extracts. Then receptors remaining in the extracts were assayed
using antiserum to the expresszed a3 protein coupled to anti-
antibody-coated beads to bind the receptors and 1251-mab 210 to
label their structural subunits. Hybridoma supernatants which
contained antibodies that could adsorb receptors from the
extracts before they were bound by antiserum and labeled with

5I-mAb 210 were scored as positive for native a3 receptor.
Calture supernatant (50 xl) was combined ~with 20 ul of a 1:1
suspension of gcat anti-rat antibody coupled tc CNBr-activated
Sepharose CL4B and with 50 sl of PBS Triton. After shaking for
one hour at 4°C, the beads were pelleted by 20 seconds in a
microfuge. The supernatant was removed and the beads were washed
twice with 1 ml of PBS Triton. A Triton X-100 extract of chick
embryonic day 18 retinas was prepared. Aliquots of extract
(100 ul) were added to the washed beads. After shaking overnight
at 4°C the beads were pelleted, and 85 sl aliquots of the
supernatant were removed and added to 10 4l of goat anti-rabbit
antibody coupled to CNBr-activated Sepharose CL4B previously
incubated with 5 ul of rabbit antiserum to protein Ch35-4. 1In a
total volume of 100 zl, 1251-mab 210 (specific activity
1-3x1018 cpm/mol) was added to a concentration of 2 nM and S ul
of normal rat serum were added (to saturate any binding sites for
rat antibodies like mAb 210 on the goat anti-rabbit antibody-
coated beads). After shaking overnight at 4°C, 1 ml of PBS
Tgiton was added and the beads were washed three times. Then
1251-mAb 210 bound to the beads was measured by 7 counting. A
value for control receptor content in the extract was obtained by
adsorbing with beads not exposed to hybridoma superna’ t. A
blank value subtracted from all samples was derived using samples
not exposed to hybridoma  supernatant and goat anti-rabbit
antibody beads coated with normal rabbit serum instead of rabbit
antisera to the bacterially expressed a3 fragment.

ub chiomet Dete of Neuronal Nicotinic
Receptorr, Torpedo nicotinic receptors were purified as
previous.y described,82 with some moedifications. Briefly, a high
capacity (10 mg toxin/ml Sepharose) Naja npaja toxin Sepharose
column was used to bind the receptor, which had been solubilized
in Thesit (Boehringer Mannheim), rather than Trxiton X-100.
Receptor bound to the affinity column was then eluted by
recirculation of 1 M carbachol in 25 mM Tris pH 7.5, 1.0¢ Thesit,
through a hydroxylapatite (BioRad, Richmond, CA) column, from
which it was subsequently eluted with 50 ml of 150 mM NaP pH 7.5,
1.0% Thesit.
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Chicker brain nicotinic receptors were purified as described

previously,l? with some modifications. Membranes were prepared
from 150 g of chicken brains and then extracted in 2 volumes of
2% Triton X-100 buffer. The detergent extract was subsequently

shaken overnight with 3 ml of mAb 289 (to the a4 acetylcholine-
binding subunit) coupled to AFC resin (New Bruaswick Scientific,
Edison, NJ) at 8 mg/ml. The column was washed first with 100 ml
of 10 mM Na phosphate buffer pH 7.5, containing 1 M NaCl, 1 mM
EDTA, 1 mM EGTA, and 0.5% Triton X-100; and then washed with
25 ml of 10 mM Na phosphate buffer pH 7.5, containing 100 mM NaCl
and 0.1% Thesit. Bound receptor was then eluted with 7 ml of
50 mM Na citrace buffer pH 3.0, containing 0.05% Thesit. After
neutralization the eluate was concencrated using a Centricon 30
(Amicon, Danvers, MA) and lyophilized.

Rat brain receptors were purified from 130 g of rat brains
using mAb_295-AFC, as previously described for bovine brain
receptors,20 with the modification that before elution of the
bound receptor, the affinity column was washed with 25 ml of
10 mM Na phosphate buffer pH 7.5, containing 100 mM NaCl and 0.1%
Thesit. Receptors were then eluted with 5 ml of 50 mM Na citrate
buffer pH 3.0, containing 0.05% Thesit. The eluate was
neutrralized, concentrated and lyorhilized as abov2.

Bovine brain receptors were purified as described
previously,-o concentrated, and lyophilized as described above.

Purified receptors were labeled with 1251 as follows. To
20-100 pmol cf receptor, in J5 ul of 10 mM Na phosphate buffer,
pH 7.5, containing 100 mM NaCl, 1% SDS, and 4 M urea, was added
(1) S0 sl of 0.4 M Na phosphate buffer, pH 7.5, containing 2% gDS
and 8 M urea, (ii) 50 sl Enzymobeads (BioRad), (iii) 2 sl Nal23p
(1 mCi), (iv) 25 ul 10 mM Na phosphate buffer, pH 7.5, containing
100 mM NaCl, 1% SDS, 4 M urea, and 1% f(D) glucose. The reaction
was allowed to proceed for 50 minutes at room temperature before
20 41 of 1 M NaN3 were added to stop the reaction. The
radioiodinated protain was separated from free 1231 wusing a
BioRad Econo-Pac 10 DG disposable desalting column. The column
was pretreated with 20 mg of p-lactoglobulin (Sigma) to reduce
nongpecific binding, and then equilibrated in buffer (10 mM Na
phosphate buffer, pH 7.5, containing 100 mM NaCl, 1% S$iS. 4 M
urea, 10 mg/ml f-lactoglobulin).

Approximately 0.5-10.0 x 105 cpm of 1251-labeled raceptor
waere loaded onto single lanes of 10% SDS polyacrylamide gsls and
resolved by electrophoresis (in SDS). The gels were fixed,
dried. and autoradiographed. The dried gels were aligned with
the sutoradiograms, the pieces of the gels correspording to the
subunit bands °x§§"d' and radioactivity quenvitated by
counting. ror 1 rat b5ain receptor the excised subunits
contained 2-5 x 102 cpme 1251 povine brain receptor subunits
rontained 3.5-4 x 105 cpm; 1251 Torpedo receptor contained 3-7 x

5 cpm; and 1251 chicken brain receptor contained about 3 x
.43 cpm per excised band. The radioactivity per subunit was then
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normalized for the number of tyrosine residues present in each
subunit, as determined from the deduced amino acid sequences: In
Torpedo receptor a, f, 7, and § subunitsll? there are 17, 16, 17,
and 19 tyrosine residues,_ _respectively; in the chicken brain
receptor structural subunit there are 18 tyrosines, and in the
chicken brain acetylcholine-binding subunit3l there are 21
tyrosines; in the rat p2 brain receptor structural subunit there
are 15 tyrosines, and in the a4 acetylcholine-binding subunit25
there are 17. No <cDNA sequences are available for bovine brain
receptor subunits. However, since they are certainly very
homologous to the chicken and rat brain receptor subunit
sequences, which have a ratio (acetylcholine-binding subunit :
structural subunit) in the number of tyrosines of 1.0 : 0.86
(chicken) and 1 : 0.88 (rat), the normalization value of 0.87 was
used for bovine receptors. After normalization of the number of
tyrosine residues, the ratio of cpm was determined between
subunits within a single lane to eliminate pipetting errors. The
means of the ratios of 6-11 lanes were then determined.

Sucrose gradient analysis of neuronal nicotinic receptors was
conducted as follows. Chicken and rat brain receptors were
extracted from crude membranes for 2 hours, using an equal volume
of 2% Triton X-100 in 50 mM Tris, pH 7.5, 1 mM EDTA, 1 mM EGTA,
5 mM p-aminobenzamidine, 5 mM iodoacetamide, and 0.5 mM PMSF.
Day 18 embryonic chicken brains were used in these experiments
because they have a higher concentration of receptors than adult
brain (unpublished observation). Torpedo receptors, which were
used as an internal control for each gradient, were similarly
extracted with Triton X-100 from crude membranes of Torpedo
electric organ. The Torpedo receptors (77 nM) were trace-labeled
with 1251.a-bungarotoxin (10 n¥} and then diluted into the brain
extracts to give ~40,000 cpm 1 5I-a-bungarotoxin-labeled Torpedo
receptor per gradient. Aliquots (450 xl) of the brain extracts
containing the 1251-¢-bungarotoxin-labeled Torpedo receptors were
layered onto 11 ml sucrose gradients (5-20% sucrose wt/wt, in
10 mM Na phosphate buffer, pH 7.5, containing 100 mM NaCl, 1 mM
NaN3j, and 0.5% Triton X-100). The gradients were centrifuged for
17 hours at 41,000 rpm in a Beckman SW4l Ti rotor. Thirty drop
fractions were subsequently collected from the bottom of the
tubes and analyzed by ¢ counting to determine the sedimentation

of the Torpedo receptors. Thg brain receptors in the gradient
fractions were quantitated by -H-L-nicotine binding using a mAb-
immobilization assay. Gradient fractions were shaken overnight

at 4°C with 25 gl of a 1:1 slurry of goat anti-rat
immunoglobulin-Sepharcse and 1 sl of a stock solution of mAb 270.
The Sepharose was washed with 2 x 1 ml of 10 mM Na phosphate
buffer, pH 7.5, containing 100 mM NaCl agd 0.5% Triton X-100
(PBS-Triton), and {incubated wicth 20 nM “H-L-nicotine for 15
minutes at room temperature. The Sepharose was then washed with
3 v ! ml of PBS-Triton by repeated centrifugation and
resuspension. A solution of 2.5% SDS and SV 2-mercaptoethanol
(100 pl) was added to the Sepharose pellet, the entire contents
were then added to a S ml T2 SV scintillatinn cocktail, and the
radioactivity was determined by liquid scintillation counting.
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Control tubes containing only buffer solutions were included in
each assay to determine nonspecific JH-L-nicotine binding. To
determine the extent of contaminaticn of each tube by residual

SI-a-bungarotoxin, the tubes were again analyzed by 7 counting
after the °“H-L-nicotine binding assay, In no cases did the
gradient fractions contain >100 cpm 1251 when analyzed at this
gime, thus indicaiing minimal contamination by 1251 when counting
H.

Rat brain receptors were also extracted from crude membrancs
for 2 hours, using an equal volume of 2% cholate and 0.2%
asolectin in the same lLuffers used for extraction in Triton X-
100. Likewise, Torpedo receptors were axtracted from crude
membranes of electric organ with the same detergent-l%gid
mixture. The Torpedo receptors were again prelabeled with 12351
a-bungarotoxin and diluted into the rat brain extract. Aliquots
(450 wl) of this extract wer2 layered onto 11 ml sucrose
gradients (5-20% sucrose wt/wt, 10 mM Na phosphate, pH 7.5, 100
mM NaCl, 1 mM NaN3, 2% cholate, and 0.2% asolectin). The
gradients were centrifuged for 17 hours in a SW4l Ti rotor at
41,000 rpm and fracticnated by collecting 20 drops/frac:cion from
the bottom of the tubes. The Torpedo and brain receptors in each
fraction were quantitated as described above.

Histological Localization of Receptors

Labeling Sections of Chjcken and Rat Brains with mAb 270.
One-month-old white Leghorn chickens, adult Sprague-D:wley rats,
and adult Balb-C mice were used in these experirents. The
animals were decapitated and tissue was removed and :rozen with
liquid nitrogen. Cryostat sections (20 asm thick) were thaw-
mounted onto slides and desiccated at 0-4°C under vacuum
overnight. For autorag%oqraphic localization, the sections were
overlaid with 4 nM_ 1231-mAb 270 (radiciodinated to a specifés
activity of 1-2:1019cpm/mol by a modified chloramine-T method)
in 100 mM NaCl, 10 mM Na phosphate buffer, pH 7.5, 10 mM NaNj,
108 normal rat serum, and 5% Carnation dried milk, and were
incubated overnight at 4°C. The slides were transferred to
Coplin jars and rinsed 5X over 30 minutes with 100 mM NaCl, 10 mM
a phosphate buffer, pH 7.5, and 10 mM NaN3j at room temperature.
The sections were further rinsed {n three changes of buffer over
3 hours on a rocking platform at 4°C. They were then dried at
37°C, mounted on cardboard in groups of 20, overlaid with an
8x10~-inch sheet of Kodak XARS. The sections were then postfixed
in 108 formalin, dehydrated {n ethanol, defatted in xylene,
rehydrated and air dried, dipped in Kodak NTB-2 .mullion1 gxposed
for 4 days, and developed as described elsewhere. 1 For
indirect immunofluorescence, sections were obtained as described
above, and the mAbs were localized with goat anti-rat IgG
conjugated with fluorescein isothiocyanate, as described

elsevhere.l1?

Autoradiographic Localization of Receptors in Finch Brains.
Intact adult male and female zebra finches (Poephila guttata)
aged 6-12 months were killed by metofane overdose and
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decapitated. Their brains were immediately removad, submerged in
ice-cold Tissue-Tek Frozen Embedding Medium (Miles Laboratories,
Naperville, IL), and frozen in a -20°C freezer. The blocks were
cryostat sectioned at 14 ym and sections were thaw mounted onto
subbad slides and stored on ice wuntil a complete brain was
sectioned. The sections were freeze-dried in desiccator boxes in
an ice-salt bath. Drops nof solution containing one of the
nicotinic ligands were applied to each set of dried sections at
room temperature. Twenty nM 1l I-a~bungarotoxin in bovine serum
was placed on sections for 30 minutes. The 123I-mAbz were used
at g concentration of 2.0 nM with specific activities of 2-5 x
1018 cpm/mol. Labeling was done in 102 M HEPES buffered with
Eagle’s solution for 2 hours. Specificity of binding was
determined in the case of a-bungarotoxin by includiag 1 mM
unlabeled toxin, 1 mM carbamylcholine or 10 mM d-tubocurarine in
the incubation mix; all three competitors reduced the binding of
a-bungarotoxin to background levels and no regional variation was
seen. Inclusion cf excess unlabeled mAb 35 blocked the binding
of 1251-mAb 35, and unlabeled mAb 270 blocked the binding of
12571.mAb 270. Following incubation, brain sections were washed
for 1 hour, fixed in formaldehydas vapor, and applied to LKB
(Pharmacia LKB, Piscataway, NJ) Ultrofilm for autoradiography.
Following LKB autoradicgraphy, slides incubated with each ligand
were sslected from each of four male brains and coated with Kodak
(Poclester, NY) NTB-2 emulsion, overexposed, developed, and
stained with cresyl violet to confirm the neurcanatomical
localization of labeled regions.

A prain structure was judged to be labeled if it was visibly
mor4 Jabeled than ectostrjatum (E)~-a lightly labeled region using
all three ligands. For small medullary structures, microscopic
examination was necessary to evaluate silver grain density. A
structure was judged to be labeled if it contained discernibly
higher grain density than white matter in adjacent regions (such
as fasciculus longitudinalis medjialis and leminiscus medialis),
or if silver grains were found clustered around nissl-stained
cell nuclei. A qualitative estimate of tha relative intensity of
labeling in various brajsn structures was made separately for each
ligand. No quantitative comparison of labeling intensity between
ligands was made for any brain structure, so comparisons of
labeling intensity between ligands are valid only when a
structure is heavily labeled by cne ligand and lightly by another
ligand.

em e
A total of 37 whits leghorn chicks from l1-14 days old were used
in this study. The chicks were killed with an overdose of
ketamine and =xylazine. The eyes were rapidly remcved, the

anterior pole and vitreocus cut away, and the eye was immersed in
ice-cold 0.1%, 1%, or 4% paraformaldehyde 4in 0.1 M sodium

phosphate buffer at pH 7.4. After 15 minutes-24 hours, the
tissue was placed in a solution of 30% sucrose in 0.1 M phosphate
buffer for at least 12 hours. The eyes were then frozen in

embedding medium. Sections, 10 ym thick, were cut on a cryostat
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and collected on gelatin-coated glass slides. Alternatively,
radial incisions were made in the retina so that it could be
flattered. It was then frozen, and 30-szm-thick sections were cut
parallel to the vitreal surface on a sliding microtome. Sections
cut in this plane will be referred to as "horizontal sections."
These sections were processed "free floating” in small vials. In
one case, 20-uym-thick sections were cut rgerpendicular to the
vitreal surface on a cryostat and immersed in buffer solution.
They were processed in the same fashion as horizontal sections.

The indirect fluorescence and avidin-btiotin techniques were
used in this study. In some instances a “double level"
fluorescence technique was used, which allowed the visualization
of two different immunohistochemical markers in the same section
through the use of two different fluorophores.

The sections were washed in three changes of phosphate buffer
and then incubated with the primary antibedies diluted in
phosphate buffer. The mAbs were used at a concentration of 10-20
nM and the antiserum to choline acetyltransferase (ChAT) was used
at a dilution of 1:1000. The incubation buffer included 0.3%
Triton X-100 and 0.05% NaN3, and sections were incubated for
12-24 hours at a temperature of 4°C. The tissue was next washed
in three changes of buffer and then incubated in either
fluorescein- or rhodamine-isothiccyanate ‘'FITC or RITC,
respectively) conjugated goat anti-rat IgG (Boehringer Mannheim)
diluted 1:100 in buffer. The sections were subsequently washed
in several changes of buffer and coverslipped with a mixture of
carbonate buffer and glycerine.

As a determination of secondary antiserum specificity, we
processed some sections for immunofluorescence, but omitted the
primary antibody. Other sections from the same retina were
processed normally in parallel. Those sections that had not been
exposed to primary antibcdy exhibited no staining.

Tissua to -e double-labeled with antiserum directed against
ChAT and nicotinic receptor antibodies wgs processed according to
the procedure used by Erichsen et al.l The antibody directed
against ChAT was gsnerously supplied by Miles Eggteln and Carl
Johnson arnd has been previously characterized.l?l For these
double-label studies the antiserum and the aatibody were mixed
and applied to the tissue for times similar to those stated
above. The tissuve was then washed in three changes of phosphate
buffer, and a mixture of goat anti-rabbit IQG conjugated to FITZ
and goat anti-rat IgG conjugated co RITC was anplied for 1 hour.
In some cases the fluorophores were raversad.

Sections to be processed with the avidin-biotin technique
weré incubated in primary antibody, washed in three changes of
phosphate buffer, and placed in a soiution of biotinylated goat
anti-rat IgG (Vector Laboratories, Burlingame, CA) diluted 1:200
in 0.3% Triton X-100 in buffer for 1 hour. The sections were
then washed and incubated with a mixture of biotin and avidin-
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bound-horseradish peroxidase diluted 1:100 in phosphate buffer
with 0.3% Triton for 1 hocur. Following washes in buffer, the
tissue was incubated with 0.U5% diaminobenzidine in phosphate
buffer for 15 minutes. Hydrogen peroxide was then added to make
a final concentration of 0.0l1% and the solution was gently
shaken. The reaction was allowed to proceed for 15 minutes. The
tissue was then washed in several changes of buffer, cleared, and
coverslipped.

The sections were examined with a microscope fitted for
epifluorescence microscopy or differential interference
microscopy.

Histological Studies of Nicotinic Receptors in Froq Brains.
Most of the experiments were done on Rana pipiens (body length of
5.0-7.5 cm, either sex) obtained from Hazen Company (Alburg, VT).

Biotinylated rabbit anti-rat IgG and avidin-biotinylated
horseradish peroxidase complex were purchased in kit form
(Vectastain) from Vecter Laboratories. Fluorescein-goat-anti-rat
IgG was obtained from Cappel Laboratories (Organon Teknika,
Malvern, PA). All other reagents were purchased from Sigma
Chemical Company unless indicated otherwise.

All surgical procedures were performed following anesthesia
by immersion of animals in 2 mM tricaine methanesulfonate. The
optic nerve was cut after approaching it through the soft palate.
The soft palate was then sutured with 6-0 monofiliment nylon
thread. Retinas were eviscerated by aspiration following removal
of the lens and vitreous body. The eyelid was then sutured shut.
The projection of retinal ganglion cells to the tectum was
labeled by placing crystals of horseradish peroxidase (Sigma,
Type VI) in contact with the central stump of the severed optic
nerve and examining the tectum 2-3 days later.

. Light microscopic immunocytochemistry was performed on frozen
or vibratome sections of tecta of animals fixed by perfusion with
periodate-lysine-paraformaldehyde (PLP) containing 2% paraformal-
dehyde or with 4% acrolein in 90 mM Na phosphate buffer. The
avid%n biotinylated-peroxidase complex (ABC) method of Hsu et
al.l22 was used to visualize primary antibody binding, and
peroxidase was revealed colorimegrically by the cobalt-glucose
oxidase procedure of Itoh et al.l?

Animals were perfused through the truncus arterjosus, first,
with frog Ringer’s containing 2 mM tricaine methanesulfonate
until fluid returning to the heart was clear, and subsequently
with fixative for 7.5 (acrolein) or 90 (PLP) minutes. The brain
with optic nerves was then removed and immersion-fixed for an
additional 7.5 (acrolein) or 30 (PLP) minutes. For frozen
sections the brain was then equilibrated in 30% sucrose in 30 mM
Na phosphate buffer, frozen by immersion in liquid nitrogen, and
mounted in Tissue Tek mounting medium (Miles Laboratories) prior
to sectioning at 10 ym 4in a microtome cryostat. Sections were
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placed on subbed glass slides and air-dried for 30 minutes before
use. For vibratome sections, the brain was embedded in 4% agar
and sectioned at 100 um. In a separate set of experiments,
retinas were vibratome-sectioned after being removed from the
sclera of an anesthetized frog and immersion fixed in PLP for 30

minutes.

Vibratome sections of tissue were processed "free-floating"
according to following schedule ‘all steps were done at room
temperature unless indicated otherwise). Frozen sections were
processed mounted and for shorter times (1 hour for antibody
incubations, 30 minutes for washes).

1. Preincubate vibratome sections in frog Ringer’s
containing 3% normal rabbit serum and 0.025% saponin (RRS) for 30

minutes.

2. Incubate sections in primary antibody diluted to a titer
of 19-200 nM in RRS for 16 hours at 4°C.

3. Wash in RRS for 2-3 hours, changing the solution every 20
minutes.

4. Incubate the sections in biotinylated rabbit anti-rat IgG
diluted 1:200 in RRS for 6 hours.

5. Wash in RRS for 2-3 hours, changing the solution every 20
minutes.

6. Incubate sections in avidin-HRP, diluted 1:100 in RRS,
for 16 hours at 4°C.

7. Wash in RRS for 1 hour, changing the solution every 20
minutes.

8. Wash in Ringer’s for 1 hour, changing the solution every
20 minutes.

9. Fix the sections in 1% glutaraldehyde in 60 mM sodium
phosphate buffer, pH 7.2, for 1 hour.

10. Rinse in Ringer’s, 15 minutes.

11, Preincubate the sections 4in a solution containing
diaminobenzidine, nickel ammonium sulfate, cobalt chloride, and
p-D=-glucose in phosphate buffer (f£inal concentrationst
diaminobenzidine, 0.5 mg/ml; nickel ammonium sulfate, 0.025%;
cobalt chloride, 0.025%; p-D-glucose, 2 mg/ml) for 15 minutes.

12. rncubate the sections in a solution identical to the
preincubation solutions, but containing in addition 0.2 mg/ml
ammonium chloride and 0.003 mg/ml glucose oxidase (Sigma, Type
II) until there is adequate staining intensity.
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13. Rinse the sections in Ringer’s for 15 minutes.
14. Mount the sections in 90% glycerol/10% Ringer’s.

In a few instances immunoperoxidase experiments were
performed on only one side of the tectum to compare the pattern
of staining with the pattern of the retinotectal projection (the
retinotectal projection was almost completely crossed).
Horseradish peroxidase crystals were placed in contact with the
central cut end of the left optic nerve in an anesthetized frog.
Two to three days later the animal was reanesthetized and
perfused with fixative. The tectum was then serially secticned,
with the plane of the sections being as close as possible to
coronal. Each section was then split in the mid-saggital plane
and each right half-section was set aside. The left half-sections
were reacted for receptor (through step 10, above), and both
right and left halves were reacted for horseradish peroxidase.
The matching sections were then reassembled photographically,
thus producing a reconstituted tectal slice in which the retinal
projection appeared on the right half and the receptor
immunoreactivity appeared on the left half.

The procedure for performing immunocytochemical staining for
analysis in the electron microscope was somewhat similar to that
for light microscopy. Only vibratome sections were used, and
saponin was omitted to preserve adequate fine structure.
Electron microscopic analysis was performed after cutting thin
sections orthogonal to the plane of the vibratome section. The
heaviest peroxidase stain was found at the surface of the
vibratome section, but the tissue was poorly preserved. The best
results were obtained 1-3 um into the section, where peroxidase
staining was still strong and where tissue preservation was
adequate.

Electron microscopic analysis was performed on sections
treated as above (steps 1-13) and postfixed in 1% 0804 in 90 mM
sodium phosphate buffer, pH 7.2, dehydrated and embedded in
Epon/Araldite. Sections having a silver interference color
(70-80 nm) were cut on an ultramicrotome and examined without
grid staining on an electron microscope. Contrast was sometimes
enhanced by adding tannic acid to the glutaraldehyde (step 9,
above) to a final concentration of 0.3%.

In a few experiments vibratome sections of tectum were

incubated in concentrated solutions of the tracer ferritin or 6
nm colloidal gold-protein A. Cationized ferritin was used at 20
mg/ml 4in Ringer’s. Colloidal gold-protein _A was prepared
according to the technique of Muahlpford§$124 conjugated to
protein A and purified after Slot and Geuze,l<3 and used at an OD
¢ 525 nm of 1.0 in Ringer’'s, Tissue incubated for 1 hour with
tracer was fixed in 1% glutaraldehyde in 60 mM Na phosphate
without tracer washout. The purpose of these experiments was to
learn the extent to which these reagents penetrated the vibratome
slice and the cell profiles within {ts interior.
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Neuronal a-Bungarotoxin-Binding Proteins

Cloning of cDNAs for Subunits of g-Bungarotoxin-Binding
Proteins

a cDNA library from embryonic day .+ (E18) chicken brains33
was screened with the 47-mer oligonucleotide designed on the
chemically determined N-terminal protein sequence 0 of one
subunit of chicken brain a-bungarotcuin-binding protein,
basically following codon usage frequencies.

Stringency conditions were 30% formamide, 5xSSPE (1xSSPE is
0.18 M NaCl, 0.01 M NaPO4, pH 7.4, and 1 mM EDTA) at 42°C for
hybridization, followed by final washings at 55°C, 1xSSPE (clone
pCh29-1 was identified in this way). Using pCh29-1 or a fragment
thereof (i.e. pCh29-3) as a probe, pCh3l-l1 was isolated, and
subsequently, using pCh31l-1 fragments as probes, pCh34-1. The
nucleotide sequences were completely determined in both strands.
By deduced amino acid sequence homology to pCh3l-l and by common
EcoRI sites (nucleotides 533-539, Figure 54) it is likely that
pCh29-3 codes for the N-terminal and pCh34-1 for the C-terminal
part of the al subunit. As apparently all cDNA EcoRI sites in
this library were cleaved, the contingency of pCh29-3 and pCh34-1
was demonstrated by the polymerase chain reaction (PCR)
technique. About 300 ng of E17 chicken brain first and second
strand cDNA was subjected to 35 cycles (1 minute, 92.5°C; 2
minutes, 55°C; 1 minute 30 second, 72°C on an Ericomp Temperature
cycler) using Taq polymerase (Perkin Elmer) with the supplier’s
recommended buffer. The 5’ primer (24-mer) sequence was derived
from pCh29-3, the 3’ primer (24-mer) sequence from pCh34-1.
Plasmids containing the specific reaction product were sequenced
(underlined in Figure 54), proving to be identical between the
primers used to pCh29-1 and pCh34-1 spliced together at the EcoRI
site.

Antibo ac eria aptid n

an ubun
Fragments of pCh31 -1 and pCh34-1 ware subcloned into a T?7

promoter-based bacterial expression system described by Rosenberg
et al.l15,116 (), At least the cloning sites were sequenced
for all constructs. The deduced protein sequences of the

recombinant proteins are:

protein Ch31-5 (encoding the large putative cytoplasmic domain

a2, see Pigure 56):
MASMTGGQQMGRIKLRIPWYQLQEHHEDPQaGKMPRWVRVILLEEQA nggggggN;KPstx
NGNMI HTMENPCCPONNDL

memmumnmswnnmsw

protein Ch31-6 (encoding a smaller, unique sequence of a2, see

Pigure 56):
MASMTGGQQMGRDPSSRSAGENIKPLSCKYSYPKHHPSLKNTEMNVLPGHQPSNGNMIYSYHTME
Vi VIVNSKLDPAANKARKEAELAAATAEQ

127




protein Ch34-2 (encoding a small, wunique sequence of e¢l, see
Figure 56):

MASMTGGQQMGKDPSSRSAGEDKVRPACOHKQORRCSLSSMEMNTVSGQQCSNGNMLY IGFRGLDG

VHCTPTTDSGVICGRMTCSPTEEENLLHSGHPSEGDPDLANSKLDPAANKARKEAELAAATAEQ

The underlined sequences are genuine to the deduced parent
plasmid sequences, and the additional amino acids are vector
encoded.

Protein Ch31-5 was obtained as inclusion bodies isolated by
differential centrifugation. Impurities were successively
extracted with 1 M NaCl, 0.5% Triton X-100, and 3 M KSCN, and
then the inclusion bodies were solubilized in 8 M urea. After
removing the urea by dialysis, the partially soluble protein was
more than 50% pure, as J*udged by Coomassie-stained SDS-PAGE.
Lewis rats were immunized repeatedly with approximately 100 ug of
protein in complete Freund’s adjuvant.

Protein Ch34-2 was not found to form inclusion bodies.
Therefore, SDS-PAGE-purified preparations were used for
immunization of Lewis rats.

Protein Ch31l-6 was not purified for use as an immunogen, but
only used as an antigen on Western blots, as described below.

Spleen Cell Pusion
The rat with the highest titer to protein Ch31-5 was

immunized intraperitoneally, five days before the fusion, with
100 u4g of protein Ch31-5 in PBS. On the day of the fusion the
rat was killed and its spleen cells fused with Sp2/0 mouse
myeloma cells using polyethylene glycol.110 Nine days after the
fusion, the culture supernatants were screened in a radioimmuno-
assay for antibodies which bound 125I-a-bungarotoxin-labeled a-
bungarotoxin-binding protein in extracts of embryonic chick brain
(see protocol below). Positive cultures were cloned twice by
limiting dilution and then expanded to large cultures. These
five hybridomas were designated as mAbs 308-312. Culture media
was collected, concentrated by ultrafiltration and ammonium
sulfate precipitation, and dialyzed against PBS containing 10 mM
NaNj.

Radjojmmuncass o) bodie =Bungarotoxin-Bindin
Proteins

Triton X-100 extracts of E18 chick brains were prepared.
Antisera or mAb stocks were diluted in PBS and incubated with
40 pl chick brain extracts containing 4 xl normal rat serum and
2 nM 1251-g-bungarotoxin (specific activity 2-5x1017 cpm/mol) in

a total volume of 100 ul. After overnight incubation at 5°C,
100 sl of goat anti-rat immuncglobulin was added and incubated
for another hour. PBS-Triton X-100 was added (1 ml) and the

immune complexas pelleted and washed twice with PBS-Triton.
1251_a-bungarotoxin in the pellet was determined by 7 counting.
Nonspecific and background counts were determined using preimmune
serum and were subtracted from all data. The total amount of a-
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bungarotoxin-binding protein extracts was determined by
incubating 40 xl extract with 2 nM 1251-a—bungarotoxin in a total
volume of 100 xl. After overnight incubation at 35°C, 4 ml 10 mM
Tris, 0.05% Triton X-100, pH 7.5, was added and the mixture
rapidly filtered through Whatman GF/B filters pretreated with
0.3% polyethylenimine.l 6 The filters were washed three times
with 4 ml of the same buffer and counted. Nonspecific binding
was determined in the presence of 1 mM carbamylchoiine.
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